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PREFACE 

Tms course of aix lectrLres-^deliyered to the Engineer- 
ing Students of the Staffordshire County Technioal 
Classes at the Newcastle High School, in Noyember 
audi December, 1904— was intended to summarize the 
results of the more important researches which haye 
been made during the last ten years upon the 
constitution of alloys of iron and steel. 

The claims of the new science — metallography — 
which has reyealed the internal structure of the 
metallic alloys, haye been too long oyerlooked. The 
far-reaching importance of this knowledge is begin- 
ning to dawn upon the most conseryatiye minds. 
Metallurgists are now rending the yeil which has 
so long concealed the internal structure of the metals 
and their alloys; and many phenomena connected 
with the industrial treatment of the metals, so 
long inexplicable, are now yielding up their secrets 
to the indefatigable methods of modem scientific 
research. 

Unfortunately, much of this important work is 
disseminated throughout yarious scientific journals, 
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vHi PREFACE 

and the facts are so freqtiently obscured beneath a 
mass of controyersial matter that it is difficidt for 
the uninitiated to get into touch with the work. 
In consequence^ I haye been lead to reproduce my 
lectures in a form suitable for publication, in the hope 
that they may help those who haye not specially 
studied the subject to appreciate the remarkable 
chapter which metallurgists haye recently added to 
physical chemigtiy. 

I desire to thank Profs. Arnold, Beilby, Cohen, 
Ewingy Heyn, Newth, Osmond, Popplewell, and 
Stead for permission to use their micro-photographs ; 
Dr. G. T. Beilby, the Secretary of the Iron and 
Steel Institute, the proprietors of ^The PhUosopJdcal 
Transactums and of The Iron Age for the loan of 
blocks; and Mr. H. Fowler for help with the 
diagrams. 

J. W. MELLOR. 

March 4, 1905. 
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CRYSTALLIZATION OF IRON 

AND STEEL 



THE SOLIDinCATION AND 
COOLING OF ALLOYS 

§ I. Atoms and Molecules 

Chemists have invested matter with an imaginary 
constitntiony which explains yery well the varioos 
transformations which matter undergoes. Matter is 
supposed to be made up of extremely small particles, 
eidled molecules. No successful attempt has been 
made to describe how the molecules associate together 
except in the case of crystalline substances. Here 
all the eyidence points to a symmetrical and fixed 
mode of arrangement, which finally produces regular 
geometrical figures called crystals. 

More or less approximate attempts to calculate the 
size of the molecules show that, if a drop of water were 
magnified to ihe size cf the earth, tiie size of the 
molecules of water would be betweai that of small 
shot and of cricket balls. Mdiecules lie quite outside 
the range of observation, and we must accept here, in 

I B 



2 CRYSTALLIZA TION OF IRON AND STEEL § i 

good faith, the large mass of circumstantial eyidence 
accumulated by the chemist. 

By analysis it. has been found that the infinite 
'^viety of Biob^tMces known to man can all be reduced 
, to. about .eighty ^imj^e forms, called elements. No 
. : aHalyBi.hav i^T^r-s^ssorated from an element anything 
but itself. Pure iron will yield nothing but pure iron. 
Iron is, therefore, an element. Pure copperas, on the 
other hand, will furnish iron, sulphur, and oxygen. 
Copperas is not an element. Facts like these seem to 
indicate that molecules are made up of still smaller 
particles. These are called atoms. Atoms of the 
same kind make up the molecules of elements; 
atoms of different kinds make up the molecules of 
compounds. 

All substances known to man are supposed to be 
made up from different combinations of some eighty 
different kinds of atoms. Becent investigations seem 
to show that the differait atoms are different com- 
binations of still smaller particles, called corpuscles, 
or, if they be charged with electricity, electrons. All 
corpuscles are the same. Matter, whether it be a 
mummy, a piano stool, or a toothpick, is essentially 
one uniyersal substance. Variety enters when the 
corpuscles arrange themselyes in groups of atoms, 
when the atoms unite into molecules, and when the 
molecules aggregate into masses of matter. The 
stages 



GorpiuoleB *> atoms *> molecules *> matter en motM. 

The molecules of a gas lead a more or less inde- 
pendent existence. This is illustrated by the rapidity 
with which the molecules of, say, ammonia gas travel 
from one end of a room to the other and affect the 
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sense of smell. In liqaids, however, the moleooles are 
much less mobile. This can easily be proyed by 
dropping a small grain of aniline dye into a tumbler of 
clear still water. The water will be uniformly coloured 
in a few days. The molecules of a solid substance 
have practically lost their mobility. But not all. 
Carbon laid in contact with pure, hot, solid iron will 
diffuse into tlie mass of the metal ; and gold in contact 
with lead will, in a few years, diffuse into the lead in 
appreciable quantities. 



§ 2. The Degradation of Energy 

The infinite variety of changes continually taking 
place in the properties of bodies around us is often 
said to be due to the action of an external agent, called 
energy, upon matter. Just as water will always run 
down frcmi a high to the lowest level that circumstances 
will permit, so will energy at a high potential always 
run down to energy at a low potential. And one of 
the most interesting phenomena in connection with all 
natural changes is this constant running down or 
degradation of energy. Still keeping the same 
analogy, just as water may descend from the top of a 
hill in many ways — rivers or rain, undergroimd 
channels, glaciers, or avalanches — so may energy give 
rise to electrical, thermal, or chemical phenomena in 
its descent from a high to a low potentiaL But I need 
say little to engineers on this subject. The electric 
light, steam engine, electric tramcars, gas engines, 
water-wheels, watches, and clocks all bear testimony to 
the ubiquity of the law. An ancient philosopher has 
said that all things are in motion, and we might add 
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that the motion always inyolyes a degradation oi 
energy. Motion only ceases when energy has run 
down to the leyel of its snrronndings. The syst^n 
is then said to be in a state of eqnilibrinm. 

§ 3. Passive Resistance 

There is also another remarkable law — the law of 
passiye resistance. Eqnilibrinm may be apparent. 
The running down of energy may be resisted in some 
way. It is a common thing to find energy at a higher 
potential than we should expect. Energy does not 
always, of itself, mn down to its lowest leveL Just as 
the throttle-yalye of a steam-engine must be moyed 
before the degradation of high-pressure energy com- 
mences, and the engine can stiurt on its journey, so 
may a preliminary impulse be required to set the 
process of degradation in motion. 

We therefore distinguish between two states of 
equilibrium. The one is stable, the other unstable. 
The one is a real state of equilibrium, the other is only 
apparent. When you see water in a liquid state at a 
temperature below its normal freezing-point, (f C, you 
know that some agent must be at work which preyents 
the freezing of the water. This unknown agent is 
ealled passive resistance. 

Bodium thiosulphate is a conyenient substance to 
illustrate these facts. At ordinary temperatures this 
salt is a white crystalline solid. On heating to 56° it 
melts to a clear liquid. This is also the freezing-point 
of the liquid. But it is possible to cool the molten 
salt down to the temperature of the room without 
solidification. The sodium thiosulphate is then said 
to be in a state of apparent or false equilibrium, 
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S 4 THE COOLING OF ALLOYS % 

and it can be kept in tliis state an indefinite time. 
Now pat a oryst&l of sodium thionilphate into the 
liquid mass. The passive lesistanoe is oTeroome in 
some way, for now the liqtiid assnmes the stable 
orystalliae condition, and during the tian8iti(Hi from 
the liquid to the solid states energy is degraded. 

§ 4. AUotropjr 

Sulphor, at the tempeiatoie of this room, is a pale 
yellow OTystalline solid. The crystals are shaped like 
octahedrons (Fig. 1). If sulphur be heated above 96°. 
these pass into needle-shaped crystals (Fig. 2). Still 
further, if sulphur be heated to near its boiling-point, 
and Boddenly quenched by pouring into cold water, an 
amorphoofl, non-crystalline, plastic, and elastic mass is 
produced. Here, then, you have the element sulphur 
existing in three different forms — ^plastic, octahedral, 
and needle-shaped crystals. Each form is said to be 
ition of sulphur, 
c How can the same substance 
? Just as the builder can with 
s build up various structures, so 
same kind of atoms build up 
ifTerent properties. The atoms 
^», may form molecules which 
il ot as needle-shaped crystals ; 
three allotiopic modifications — 
diamond, graphite, and amorphous carbon. AUotropy 
oeeurs when a avbitanee eeeittt in two or mora farmt 
lehieh differ in some 0/ their properties. The term is 
not usually applied to the different states of aggrega- 
tion of a substance — solid, liquid, or gaseous. Alio- 
tropic transformations are usually aooomponied by 
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changes in the internal energy of the substance 
concerned. Energy is at a higher potential in one 
allotropic form than in another. The one form which 
has energy at the higher potential must be unstable. 

§ $. Transition Temperatures 

The octahedral crystals are alone stable at ordinary 
temperatures. Both plastic sulphur and the needle- 
shaped crystals pass spontaneously into octahedral 
crystals at the temperature of the room. But above 
96^ the needle-shaped crystab are stable, while the 
plastic and the octahedral crystals slowly assume the 
needle-like form. Ton might just as well try to 
preyent water running down a hill as to preyent these 
changes taking place at these temperatures. Plastic 
sulphur will crystallize in octahedrons at the tem- 
perature of the room because the process involves the 
rmming down of energy. Sulphur, therefore, has two 
crystallme forms, one of which is stable above 96^ and 
the other below 96°. The critical temperature, 96°, is 
called the transition temperature. 

Mercury iodide also exists in two allotropic forms, 
one of which is red and the other yellow. The red 
form is stable at ordinary temperatures, and passes 
into the yellow modification when heated above 126°. 
The yellow form is stable above 126°, but passes into 
the red form when cooled below the transition 
temperature, 126°. 

After a particularly cold winter, 1867-68, some 
blocks of tin stored in the Customs House, and some 
tin buttons in the Military Stores at St. Petersburg 
had mysteriously crumbled to a grey powder. It has 
since been proved that tin exists in two allotropic 
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S6 THE COOLING OF ALLOYS 7 

modifications — white malleable metal, and giey powder. 
The transition temperature is 20^, just a little above 
the average temperature of tlie air. The grey powder 
is the stable form below 20°. Hence it follows that all 
the malleable tin in the world, except cm the hottest 
summer days, is in an unstable condition. It is only 
passive resistance of some kind which prevents all the 
tin vessels in the world slowly crumbling to powdered 
grey tin. 



§ 6. Velocity of Transformation 

We have just seen that a crystal of sodium thio- 
sulphate will make the unstable liquid thiosulphate 
pass into the stable form, so will the presence of a 
little grey tin facilitate the transformation of white 
into grey tin. This crumbling of tin to a grey powder 
is known as the tin pest. The disease is, therefore, 
infectious. The surface of a piece of diseased tin is 
shown in Fig. 3. The change is slow at ordinary 
temperatures. But articles of tin which have been 
buried a few hundred years are in ahnost every case in 
a more or less advanced state of disintegration. 

The comparative rigidity or immobility of the 
molecules of a solid offers a kind of Motional resistance 
to change, analogous to the action of a brake upon the 
wheels of a car. If it were not for passive resistance 
the speed of tranirformation from one allotropic form 
to another would be faster * ike more distant the 
temperature away from the transition-point. Experi- 
ment shows that the rate of transformation of white 
into grey tin increases as the temperature is reduced 
below tiie transition-point, 20^ At - 50% for instance, 
the transformation is very rapid. As a general rule. 
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pttSfdye resistance increases as the temperature falls 
below the transition-point. The one effect works 
against the otiier. If 9 be the prevailing temperature, 
we may write— 

«, , ,. « . ^ ^ tmniition tempeiatiire leM tf 

Velocitj of change •t*^^ pawiye rerigtanoe at go 

Or, if F denotes the velocity of transformation, J2 the 
magnitude of the passive resistance at 0°, and E the 
difference of the temperature between the transition 
point and 9°, we have — 

F«^ 

a result ndiich bears a close formal analogy with Ohm's 
well-known law. It may be assumed that E also 
represents the amount of energy to be degraded in the 
process. This formula states in symbols the observed 
£Btcts that the greater the value of E^ the greater the 
velocity of transformation ; and the greater the value 
of 1{, the less the velocity. 

These experiments teach us four important facts 
which must be clearly understood : — 

(1) A svbsicmoe may exist in ttoo or more forms 
having different froperties. 

(2) Only one of these forms is, in general, staUe at 
any given temperature, 

(3) The transformation of a substa^ee from its 
unstaile to its siahleform occupies time. 

(4) The transformation from the unstable to the 
stable form may he hindered or even arrested hy passive 
resistance for an indefinite time. 

The phenomena are not always so obtrusive as the 
changes which take place with sulphur, tin, and 
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mercury iodide. We naturally ask^ how can we tell 
whether a sabetanoe is capable of existing in different 
allotropic forms ? As a matter of fact, we select some 
physical property of the substance and measure it at 
different temperatures : if there is a sudden change in 
the physical property of the substance at any particular 
tempnature, we infer that there is some drastic change 
going on in the internal structure of the substance. 



§ 7. Cooling Curves 

Let the temperature of a cooling copper bar at 
20(r be measured every ten minutes. Let distances 
at right angles to the line O*' - 200° (Fig. 4) represent 




20 40 Wmu 

FiQ. 4.— Cooling dure of Solid Oopper. 

time^ and vertical distances from the line -^ 60^ the 
corresponding temperatures of the bar. We thus 
obtain the series of points shown in Fig. 4. Draw a 
line so as to lie most evenly among the points. The 
result is a so-called cooling curve. The simple form 
of the cooling curve in Fig. 4 gives no evidence of any 
sudden change in the nature of the cooling copper. 
If a curve is drawn for water cooling down fixmi 
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20° to —20° C.9 we get a teirace in the cooling curve, as 
shown in Fig. 5. This tells us that some change has 
taken place in the nature of the substance at 0°. We 
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20 40 ^^Itnt 
Pio. 5.— Water. 

see directly that this change corresponds with the 
passage of water from the liquid to the solid state of 
aggregation. 

Now draw the cooling curre of molten sodium 
thiosulphate. We know that the molten liquid '' ought" 
to freeze at 56° (Fig. 6). But the cooling curve goes 




40 f^TUnt 
Fio. 6.~Sodiiiiii Thiosnlpliate. 



on quite normally below that temperature until, at 
length, there is a great evolution of heat, and the liquid 
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solidifies. The temperature may even rise above 56^. 
The cooling cnrre of the solid is quite normaL The 
amount of heat evolved as the molten liquid solidifies 
corresponds with the ^latent" heat at)sorbed as the 
solid melts. 



§ 8. Suffusion and Recalescence 

The molten sodium thiosulphate as it cools down 
the ^^ surfusion " curve is at a lower temperature than 
its normal point of solidification or freezing. The 
liquid is then said to be in a state of superfusion or 
surfusion. The system is in unstable equilibrium* 
We may get a similar state of things when a saturated 
solution of a substance is slowly cooled. More salt 
may be in solution than the true solubility of the 
salt The result is a supersaturated solution. 
Agitation, or the addition of a trace of something 
which will serve as a nucleus for crystallization, will 
generally suffice to start the system on its passage to 
a state of stable equilibrium. But when the trans- 
formation does set in, it usually takes place very 
rapidly, and is accompanied with a rise of temperature. 
The cooling curve is distorted in a corresponding 
manner (Fig. 6). 

It is interesting to put a little ether in a small 
bulb blown at the end of a piece of glass tubing, placed 
in supercooled sodium thiosulphate (Fig. 7). Drop in 
a crystal of sodium thiosulphate. The evolution of 
heat as the liquid solidifies raises the temperature high 
enough to vaporize the ether. The vapour of ether 
will bum at the mouth of the tube with a steady flame 
when ignited. 

When a steel bar is cooling, an evolution of heat 
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oocm at about 690^ The amount of heat eyolyed is 
80 great that the metal visibly brightens in colonr. 
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The phenomenon is called recalescence. The cooling 
curve is shown in Fig. 8. 

§ g. The Cooling Curve of Pure Iron 

The cooling curve of iron from the molten condition 
is shown in Fig. 9. The iron was practically pure. It 
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Pig. 9. — ^Iroii. 



only contamed 0*01 per cent of carbon. F. Osmond, 
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a celebrated French metalltirgisty maintaJTiB that the 
existence of the transition-points, or disoontinnities, 
Ars and Ar^, in the cooling curye of the solidified metal, 
points to the existence of three allotropic modifications 
of solid iron : — 

L Mfha Iron. — Below Ara, that is 750^, we have 
what he calls a-iron, or alpha iron. 

ii Beta Iran. — Between Ars and Art, that is between 
75(f and 860°, we have what he calls /3-tron, or beta 
iron. Beta iron is non-magnetic. Heat is evolyed 
when iron passes from the /3- to the a-state, and mag- 
netic properties are developed at the same time. 

iii. Qamma Iran. — ^Above the Ars critical point, 
namely 860^ we are supposed to have y-iron, or 
gamma iron. This varie^ is non-magnetic >.,._^ 

Each critical point is found to be associated with / 
a change in the mechanical properties, the microscopic 
appearance, the electrical conductivity, the magnetic 
properties, and the specific gravity of the metaL^ 

The changes which occur during the cooling of a 
substance are reversed when the substance is heated. 
The cooling curve of steel, with 1*2 per cent, of carbon, 
shown in Fig. 10, is reversed on heating, as shown 
by the heating curve in the same diagram. There 
is only one critical point at about 690% called the Ari 
critical point. 

The critical points Aci, Aca, Acs on the heating 
curve of mild steel are generally a few degrees higher 

1 O. B<mdoiiard, /ourB. JfOft aiid AM JiMi., 68. i. 229, 1908 : H. le 
ObateUer, ihmpt. Bend., ISS. 1444, 1899; 1S9. 299, 881, 497, 1899; 
MetaOographid, S. 884, 1899 ; 8. 38, 152, 1900 ; G. E. SyedeUos, Phil. 
Mag.^ [5], 46. 178, 1898 ; O. ChMrpy and L. Grenet, Oompt Bend., 124. 
540, 598, 1902; MMUographiBt, 6. 240, 1903; 8. Curie, tbid., 1. 107, 
229, 1898. 
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than the corresponding points Ari^ Ara, and Ats 
respectiyely. There seems to be a kind of molecnlar 
inertia, or lag, which prevents the 7 to |3, the |3 to a, or 
the reverse changes taking place sharply. The critical 

900*11 




60 lime 



Pio. 10.--Steel. 

points on the cooling cnrve are, in consequence of this 
lag, a few degrees below the trae critical point. The 
lag induces a state jsomewhat analogous to surfosion in 
molten sodium sulphate. The critical points on the 
heating curve are a little too high, and for a similar 
reason.^ 

The critical points of irQji really represent ranges 
of temperature, although, for the sake of inconvenience, 
we call them points. The Arg with soft steel commences 
at 845^ and finishes at mf ; it is most marked at 820^ 
The Ara extends from 755° to 710° ; and the Ari from 
680° to 645°. 

The "r" of "Ar" comes from the French word 
refroidisscmtf for cooling; the "e" of **Ac" from 
ehauffanty heating. This notation is due to D. Tscher- 
noff,^ the Bussian metallographist. 

* F. Osmond, Metattograpki»t,l. 270, 1893; 8. 169, 1899; H. M. 
Howe, ibid^ S. 257, 1899 ; M. Aliament, La mctrieim, 49» 1903. 
« Otherwise spelt ** D. ChemoC" 
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Now y-iron is said to be hard, a-iron soft. If, 
theref ore^ y-iron be quickly cooled past the Arg critical 
point, the passage of the hard y-iron to the soft a-iron 
is retarded ; the iron is then in an unstable hardened 
condition, ready on the least provocation to pass into 
the stable soft a-form. 

We naturally ask is there any method of helping 
the passive resistance so that the iron will not readily 
change from, say, the 7 to the a modifications at 
ordinary atmospheric temperatures? It is supposed 
that the presence of many foreign substances, like 
carbon, nickel, and manganese, augment the passive 
resistance so as to render the hard y-iron more stable 
and permanent at low temperatures. On the other 
hand, the presence of chromium, tungsten, aluminium, 
silicon, phosphorus, arsenic, and sulphur facilitate the 
passage of hard beta ^ iron to the soft alpha iron. 

The influence of minute traces of foreign substances 
upon the properties of the metals is a most important 
subject. The effects seem inexplicable. The presence 
of 0*05 per cent, of tellurium alters the properties of 
bismuth so much that we seem to be dealing with a 
totally different substance; a few hundredths of one 
per cent, of sulphur will determine the success or 
fiEdlure of iron; and the presence of 0*1 per cent, of 
bismuth in copper lowers its conductivity so much 
that if copper so contaminated had been alone avail- 
able, it would have been fatal to the success of the 
Atlantic cable. 

1 Either <* gamma'' or **beta." We are not Bare whioh. Both 
are Buppoted to he hard. 
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§ 10. The Freezing of Salt Water 

I have been speaking of pure or almost pure iron, 
and now we naturally turn to alloys of iron with carbon. 
Cast iron and steel are, as you well know, alloys or 
solidified solutions of carbon in iron. These alloys 
are so complex that it will be profitable for us to 
examine some other solutions which do not present 
such complications as occur in the case of the iron- 
carbon alloys. It is a most interesting fact to find 
that the same general laws hold good for the cooling 
of metallic alloys, for the separation of ice when sea 
water is frozen, the separation of crystals in the glazes 
of the potter, the devitrification of old glass, for alloys 
of carbon and iron, and the formation of rocks when 
the world was a-building. True ^lough, with the iron- 
carbon alloys other phenomena are superposed upon, 
and hence modify the course of the simple phenomenon 
as it occurs during the freezing of sea water. 

The freezing-point of a 5 per cent, solution of 
sodium chloride is below that of pure water. If more 
salt be added, the freezing-point is reduced still more ; 
and this goes on until the solution contains 23^ per 
cent, of sodium chloride, when further additions o^ sisJt 
raise the freezing-point. The experimental results are 
shown in Fig. 11.^ 

But the experiment reyeals something more in- 
teresting than this. If the solution contains, say, 
5 per cent of salt, pure ice separates out as the 
solution freezes, and, in consequence, the solution 
which remains unfrozen has more than 5 per cent, 
of salt dissolved in it. The freezing-point of the 

<MifcW— ^— ■!■■! ■■■Ill ■ I— — — ■■ III M m* !■— ^W—— ii^— — —^i^. ■ I ■■ .^—^.1 ■■!■■■ ^IB II ■»»IM^»^1.^^^^M^^— ^^Mta^Mil.^.— ^^ 

y F. Guthrie, Pfctl. JMi^., [5], 1. 854, 1876. 
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mother liquid is therefore lower than that of the 
original solution. This separation of pure ice, and 
the lowering of the freezing-pointi goes on along the 
curve AP (Pig. 11), until the solution contains 23 J per 
cent of salt After that, the residual mixture freezes 
en masse s,t —22^. 

If the solution contains more than 23^ per cent of 
salt, then pure salt separates from the solution, and 




20 231 30%SaU 
Fio. 11.— Freezing Onnres of Aqneoiu Sftlt Solnibna. 

the separation of salt, and the lowering of the freezing- 
point of the solution goes on along the curre BP 
(Fig. 11), unl^ the solution contains 23J^ per cent of 
salt, and the whole residue then solidifies at — 22^. 

If the solution contains just 23j^ per cent, of sodium 
chloride, it freezes en masse at — 22^. No other mixture 
of salt and water freezes at a lower temperature than 
this. Hence this mixture is called a eutectic mixture. 
Guthrie used to think that the mixture which separated 
at this temperature was a definite chemical compound 
of water with salt, which he called a cryohydrate. 
Ponsot calls the mixture a '^cryosel." The term 
euteclic mixtigre is to be preferred. We know now 
that Guthrie's cryohydrate is nothing but a mechanical 

c 
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mixture of ice and salt. The one is entangled with 
the other. Under the migroscope the crystals of ice 
can be seen lying in a matrix of salt.^ 



§ II. The Solidification of Copper- Silver Alloys 

A like phenomenon occurs when molten mixtures 
of salver and copper are allowed to cooL At 770^ 
when the alloy has the composition 28 per cent, of 
copper and 72 per cent, of silver, the whole solidifies 
en fikWd. If the mixture contains less than this per- 
centage of copper, pure silver separates at .temperatures 
along the " silver " line (Fig. 12) ; while, if the molten 



nor 




75%C0PPER 
FiQ. 12.— FusibUity OurveB of Oc^per-SilTer AUoys. 

mixture contains more than 28 per cent, of copper, 
pure copper separates, and continues separating along 
the "copper" line until the mixture has the above 
composition, when the whole solidifies as a eutectic 
mixture at 770°. No other alloy of silver and copper 



» A. PonBot, Afin. Okim, Phyi,, [7], 10. 79, 1897; T. AndrowB, 
Proe. Boy, Boo., 40. 544, 1890 ; 48. 106, 1890 ; J. Y. Buchanan, Proo, 
Ray, 8oc, Sdin., 14. 129, 1888. 



Flo. 13.— Polished Surface of Cn-Ag Alloy. (F. Oantcnd.) 



Fia. H,— PolUhed Surface of Co-Ag Alloy. (F. Osniond.) 
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melts at so low a temperatoie. The resulting alloy is 
a network of the two metals, pure silver and pure 
copper, as shown in Fig. 13, where the heterogeneous 
nature of the alloy is clearly seen. In Fig. 14 we 
haye an alloy of 15 per cent, of copper and 85 per cent, 
of silver. The alloy has a greater percentage of silver 
than the eutectic alloy, and in consequence silver 
separates out until the residue has the eutectic com- 
position. This is in harmony with the microscopic 
appearance of the alloy, which shows large masses of 
silver embedded in a network of the eutectic alloy. 

An alloy of these metals appears to possess two 
freezing-points: (L) The temperature at which the 
mass begins to solidify ; and (ii.) the temperature at 
which the whole is solidified. The pasty condition of 
sold^ — ^tin with 66 per cent, of lead — is due to the 
fact that there are two freezing-points. Solid lead 
separates first, and on this fact depends the facility 
With which a joint can be wiped with plumber's solder. 

Wa get similar results with binary alloys of 
antimony and lead, tin and tead, tin and bismuth, tin 
and zinc, lead and silver, zinc and aluminium, and 
with copper and gold.^ 

The fusibility curve is very much simpler if the 
one constituent is mutually soluble in the other in all 
proportions. The fusibility curve is then approxi- 
mately a straight line {AB^ Fig. 15). This is the case 



^ W. Campbell, /ottrn. Franklin hat, 154. 1, 131, 201, 1902; 
MeUiUographiit, 5. 286, 1902; J. E. Stead, ibid., 9. 110, 1902; H. M. 
Howe, tMd., 5. 166, 1902; A. W. Kapp, DrtM$ Ann,, 6. 754. 1901 ; 
W. 0. Boberts-AiiBten, Proe, Bay. 8oe.,9S. 481, 1884 ; 68. 452, 1898 ; G. 
T. Heycook and F. H. KeYille,PJ^a. Trans., 189. 25, 1897 ; A. Dahms, 
Wi0d, Aim., 64. 486, 1895 ; H. le Ohatelier, Compi. Rend., 118. 850, 
415, 800, 1894. 
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with alloys of nlyer and golcL The same thing oocors 
with alloys of antimony and bismuth. 
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Ihou 15.— Fiudbilitj Ourre of Gold-SUyw AUoyi. 



§ 12. The Solidification of Copper-Antimony 

Alloys 

Silver and copper do not form a chemical compound. 
Many metals, howeyer, do fonn compounds. Copper 
and antimony, for example, form a compound having 
the chemical fonnula SbCus, or, according to £L le 
Chatelier, SbaCus. This behaves as if it were a single 
and distinct element. The addition of either copper 
or antimony lowers the melting-point of the compound 
SbCug in tiie ordinary way. In Fig 16, C represents 
the melting-point of the pure compound SbCus. The 
line CPi represents the efif^^t of the addition of 
antimony to the compound ; w£ile the line CP% repre- 
sents the effect of additions of copper. There are two 
eutectic points, the <me, Pj, corresponding with the 
eutectic mixture of the compound SbCuf with copper, 

^ A. G^utier, BvM, Boe, ^BneouiragmmUj [5], 1. 1298, 1896 ; W. 0. 
Boberts-Aufton, Proo. Ba^. 800,, 67. 105, 1900; with T. K. Bose, 71. 
161, 1963. 
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Mid the other, Pi, c(nmBponding with a enteotic 
mixtare of SbCoi with antimony. 

The results depicted in Figs. 11, 12, and 16 can be 
jrepiesented graphically in another way.' Take the 
more complicated case (Fig. 16). Let the horiaontal 
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Fis. 16. — FndbUit; Onrre of Oopper-AntUsoDy Alloji. 

line (Fig. 17) represent the nltimate composition of 
the alloy in terms of copper; the Tertioal lines, the 
stmctoral oompositicHi in terms of the Tarions con- 
stitaents — copper, SbCo), antimony, or the two 



Fm. 17. (After A. SMTetu.) 

entectics. As an example, an alloy with 10 per cent 
of copper will have 40 per cent, of the first eutectic 
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and 60 per cent of antimony ; an alloy with 33 pw 
cent, of copper will have 30 per cent, of the first 
eutecticy and 70 per cent, of SbCog. 

Alloys of gold and antimony present similar 
phenomena.^ 



S 13. The Cooling of Iron-Carbon Alloys 

But we can go a step further. Let us consider 
what takes place when an iron bar containing, say, 
0*6 per cent, of carbon and 99*4 per cent, of iron cools 
from 900**. The cooling curve shows nothing very 
remarkable until a temperature of about 720° is 
attained. There is then a sudden evolution of heat. 
The critical points, Ars and Ara, of pure iron coalesce 
into one. At this point pure iron, or ferrite, as 



mn 



.1000* — 




05 1-0 l-5%CMaON 
KiG. 18.--0ooliiig of « Solid Iron." 

Howe calls it, separates from the solid solution. The 
separation of ferrite goes on along the curve AT 
(Fig. 18) until the temperature reaches about 660°, 

» 0. T. Hejoook and F. H. Neville, Troc, Boy. Boa., SB. 171, 1901 ; 
J. R Stead, /otirji. Soe, Chan. Ind., 17. 1111, 1898; MMUographid, 1. 
179, 1898; 2. 314, 1899; O. Oharpy, ibid., 1. 87, 192, 1898. 



Pia. 19.— Sarfooe of Lamellar Pearlite. (F. Osmond.) 



Fio. 20.— SurfnoaofGranalar Pearlite. (E. Heyu.) 
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when another reoalesoenoe pdnt oconra (Ari). No 
other noteworthy change occnrs as the system oools 
down to the normal temperature of the atmosphere. 
Other alloys contaming different amounts of carbon 
famish a set of cunres quite analogous to the freenng 
cunres of salt water and of silyer-copper alloys. But 
with iron these changes take place in the 9diA cooling 
metal. 

If the alloy contains less than 0*89 per cent of 
carbon there is a separation, or, better, segregation of 
ferrite ; if the alloy contains more than 0*89 per cent 
of carbon, there is a separation, not of carbon, but of a 
chemical compound of carbon with iron, called normal 
iron carbide, or cementite, and represented in 
chemical symbols by FcsO. Cementite contains 6*9 
per cent, of carbon. The separation of cementite 
occurs along the curve BF (Pig. 18). We are there- 
fore dealing with a mixture of ferrite and of cementite. 
The eutectic alloy contains 18 per cent, of cementite 
{is. 0*89 per cent of carbon) and 87 per cent of 
ferrite — roughly, six of ferrite to one of cementite. 
The microscopic appearance of the eutectic reminds 
one forcibly of other eutectic mixtures. The eutectic 
mixture of 'cementite and ferrite is called pearlite, 
owing to the fact that it generally shows the rainbow 
tints of mother-of-pearl under microscopic treatment. 
Sorby called it the ^^ pearly constituent " of steel. 

Fig. 19 shows a fine specimen of lamellar pearlite 
obtained firom a steel contaming 10 per cent of carbon. 
The black streaks are ferrite. Fig. 20 shows a specimen 
of what is sometimes called granular pearlite, from a 



' Aoooidiiig to H. le OhateUer, /otim. Irwi anSL 8Uel Init,, 61. i. 
40, 1902, there are two or three allotropic formB of cementite. 
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forged bar of cmoible steel oontainmg 0*92 per cent 
of carbon. It is magnified 1240 times. 



§ 14. Colour Names for High Temperatures 

I always speak of temperatures on the centigrade 
scale. For reference purposes I will give a scale of 
corresponding centigrade and Fahrenheit temperar 
tureSy and also the colour names as determined by 
White and Taylor with the Le Ohatelier pyrometer.^ 
These results are said to be more accurate than 
Pouillet's old numbers. 

The colour names do not really correspond with 
any particular temperature, but rather with a certidn 
range of temperature. The results, too, depend upon 
so many external fitctors — physical and physiological — 
that diJSerent numbers might be obtained by different 
obserrers, and by the same observers at different times. 




CoUnh 



Dark blood red, Uaok red» indpient red, ronge 

oaiBsant. 
Dark red, blood red, low red, rouge sombre. 
Dark ohorry red, incipient eherry red, ceriae naiaiant 
Medinm cherry red. 
CSierrj, ftall rea, ceriBe. 
Light oherrr, bright cherry, scaling heat,* light red, 

oeriBe clBar. 
Orange, sfdmon ; free scaling heat, orange fono^. 
Lieht orange, light salmon, orange clair. 
Yellow. 
Light yellow. 
White, blanc. 



' H. White and F. W. Taylor, Metallographiit, 8. 41, 1900; H. M. 
Howe, Hfid,, 8. 48, 1900; O. 8. M. Ponillet, Compi. Rmid., 8. 784,1886. 

' Scale forms and adheres, ij$, does not fall away fitxn the faeoe 
when cooled in air. 
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There is also a colour soale of temperatures used in 
the tempering and annealing of iron. The colours are 
due to the formation of a thin film of oxide on the 
surface of the metal 
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Colour lUBiet. 


220 


408 


FaiDt yeUow. 


2S0 


446 


Straw reUow. 
Browmah ydlow. 


255 


491 


265 


509 


Purple brown. 


277 


531 


Purple. 
Violet 


280 


586 


288 


550 


Light blue. 


293 


559 


Dark bine. 


816 


601 


BlaoMih blue. 


400 


732 


Blaok. 



THE CONSTITUENTS OF IRON 

AND STEEL 



§ 15. Eutexia 

Thb phenomenon of eutexia, as we haye seen, plays 
a most important part in the stmctural changes which 
take place during the cooling of iron. Figs. 11, 12, 
and 16 abbreviate in one diagram the cooling curves 
of every possible mixture of the two components con- 
cerned. Eleven cooling curves of silver-copper alloys, 
containing various proportions of the two metals, are 
shown in Fig. 21 ; and when arranged in this manner 




Fig. 21.~Set of Oooling Otinret of Ag-On Alloys. 

you can see the genesis of the eutectic diagrams with- 
out further study. 

26 
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I hope that you can trace the analogy between the 
freezing of salt water, the solidification of silyer-copper 
alloys, and the cooling of steel bars. Let me attempt 
a comparison of the cooling of steel with the freezing 
of a solution of salt and water, leaving you to extend 
the comparison to the solidification of the copper-silyer 
alloy. 



Solution of nli and water. 



1. — ^Larger per cent. (^ wttter than 
the enteoUc mixtuie. Cryt- 
tals of ioe in oryohydrate. 

2»— Larger p^ oent. of salt than 
the enteotic mixture. Orys- 
talB of salt in oryohydrate. 

8. — Same oompoeition aa entectio 
mixtare (23) per cent, of 
Bait). Solidiflee at - 22^ as 
network of iee and taltt i.0. 
of the oryohydrate. 



Iron-caiboQ alloy. 



1. — ^Larger per oent fA iron than 
the enteotie mixture. Orys- 
talB of ferrite in pearlite. 

2.— Larger per oenl ci oarhide 
than enteotie. Graina or 
handa of oementite in pear- 
Ute. 

3. — Same oompoeition at enteotie 
mixtare (0*9 p^ oent. (^ 
oarhon). SyBtem ooniiiti en- 
tirely of lameUar or granular 
pearlite. 



§ 16. The Relative Proportions of Ferrite, 
Cementite, and Pearlite 

The remarkable analogy which obtains between 
the constitution of steel and of a crystalline igneous 
rock was first pointed out by H. 0. Sorby, of ShefBeld, 
in 1864.^ In granite, for instance, we have certain 
specific constituents of definite chemical composition — 
mica, feldspar, and quartz; while in the iron-carbon 



> H. 0. Sorby, P. A. Beport$, ii. 189, 1864; i. 139, 1865 ; Joum. 
Iron and SUel Jiui, 89. L 140, 1886 ; 88. i. 255, 1888. <* Steel," said 
Sorby, *' mnst be regarded as an artificial crystallized rook, and to get 
a complete knowledge of it, it most be regarded as snch." 



98 CRYSTALUZATION OF IRON AND STEEL ! i6 

alloys there aie also two well'defined oonatitnenta — 
feirite or pore iron, oementite or iron carbide — and 
the enteotic mixture, pearlite. 

All three constitnents were discovered by Sorby, 
(wd their present names were snggested by Howe. They 
segregate from the cooling solid according to the laws 
just outlined, and they can be readily seen when a 
polished BOrface of the alloy is examined onder the 
microscope. If large tracts of ferrite be present, the 
alloy contains less than 0*89 per cent, of carbon ; while 
if iMge areas of cementite be present, the alloy contains 
more than 0'89 per cent, of carbon. Fig. 22 shows 



Fio. 22. (After A. Stnmir.) 

diagrammatically the relation between the percentage 
of combined carbon, and the percent^e amounts of 
the constituents — ^ferrite, cementite, and pearlite — in 
Tarions steels and cast irons. The diagram shows, for 
example, that a steel containing 0*5 per cent, of carbon ' 
has nearly 68 per cent, of pearlite, and 42 per Cfflit of 
ferrite ; oast iron containing d'5 per cent of carbon has 
62 pffl* cent, of pearlite, and 38 per cent, of cementite. 
Eutectic, or saturated, steel, composed wholly of 
pearlite, has 0-9 per cent, of carbon ; a steel containing 
lees than this amount of carbon is said to be a hypo- 
eutectic, or unsaturated, steel ; while if the steel 
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has mcnre than 0*9 per cent of carbon, it is said to be a 
hyper-eutectiCy or supersaturated, steel. 

Kon. — 2b wioMU Of amnmU of p mt UU amd tm tt m fmtiU or 
exoeu 09mentite in iteel eonkdning a given porcmtage o/carhon^ Mtum- 
ing that the iron has been cooled abwly, lo that ererTthing is in 
equilibrinin. The foniral» are deduced by the ordinarj methoda 
used in chemioal compntatiims. 

L'—Bypo9uleeHe or unmturaied 9M$ (ferrite in excess). 

Per cent of eementite in pearlita s 15 x par cent of carbon . . (1) 
M ferrite in pearlite a 6^ x per cent of eementite . . (2) 
,. pearlitesperoeat ferrite + per cent, eementite. . (8) 
„ excess ferrite s 100 — per cent, pearlite .... (4) 
M total ferrite = per cent excess ferrite + p^ cent. 

ferrite in pearlite . . . . « (5) 

n.— J^ifoaHtf iteeU (0*9 per cent of carbon), pearlite alone present. 
Only (1) and (2) is required for the calculation. 

JIL'-EgporevUeUo or tupenaiuraUd itedi (eementite in excess). 

Per cent, of total oraoentite s 15 x per cent of carixm .... (6) 
„ ferrite in pearlite =1100 — per cent of total eementite (7) 
„ eementite in pearlite =s per cent of ferrite -i- 6*4 • . (8) 
f, pearlite s per cent eementite + per cent ferrite . . (9) 
„ eementite in excess = per cent total cementite^per 

cent in pearlite (10) 

£xA]CPLi8.^1) A low carbon steel has 0*1 per cent of carbon. 
What are the percentage amounts of the constituents? Obviously the 
ferrite will be in excess, and there will 



15 X 0*1 = 1*5 per cent, of eementite in pearlite. 
6*4 X 1*5 = 9*6 per cent, of ferrite in pearlite. 
1*5 + 9*6 s 11*1 per cent of pearlite. 
100 - 11*1 = 88*9 per cent of ferrite in excess. 
88*9 + 9*6 = 98*5 per cent of total ferrite. 

(2) Calculate the percentage amounts of the various constituents 
of white cast iron containing 2 per cent of carbon. The eementite will 
be in excess, and there will 



15 X 2 = 80 per cent, of eementite. 

100 - 80 = 70 per cent of ferrite. 

70 -f- 6*4 = 10*9 per cent of eementite in pearlite. 

10*9 + 70 = 80*9 per cent of pearlite. 

30 - 10*9 s 19*1 per CMit of cemratite in excess. 
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§ 17. Graphitic, Hardening, and Cement Carbon 

Molten iron can dissolve as much as 7 per cent, 
of carbon. The amount dissolved depends upon the 
temperature. At the eutectic temperature, between 
llOO*" and 1200% the molten solution contains 4*3 per 
cent, of carbon ; and the eutectic mixture when solidified 
has 2*8 per cent, of carbon in the form of graphite. 
The carbon which is rejected as the molten solution 
cools is called graphitic carbon. The separation of 
graphitic carbon goes along the line BP (Figs. 24 
and 25). 

Graphitic carbon is found almost exclusively in 
cast iron. It is not acted upon by boiling hydro- 
^chloric acid, nor by nitric acid (sp. gr. 1*2). The 
graphite which is formed during the solidification of 
the alloy is generally in the form of thin plates or 
flakes, often one-eighth of an inch or more in thickness, 
as shown in Fig. 23, which represents a specimen of 
grey pig iron with 0*72 per cent, of dlicon, magnified 
90 diameters. The rounded areas consist of cementite 
surrounded by depressed pearlite. 

About 1822, Faraday and Caron noticed that the 
carbon in quenched and annealed steels, containing 
no graphitic carbon, exists in two distinct forms. One 
kind, called hardening carbon, escapes as hydro- 
carbon gas when steel is digested with dilute hydro- 
chloric or sulphuric acid ; the other form of carbon — 
cement carbon, or cementite carbon — ^is left as an 
insoluble residue when steel is digested in the acids 
just named. Cement carbon dissolves in dilute nitric 
acid to form a brown solution, which is utilized in the 
well-known Eggertz's colour test for combined carbon.^ 

' H. Jftpiner yon JonBtorff, Joum, Irtm and 8kel Li9t.f 51. i. 248, 



Fio. 23.— Graphile in Grey Pig Iron. (E. Heyn.) 
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It is interesting to notice that the presence of 
chromium in steel seems to stimulate the formation of 
hardening carbon, and to preyent the latter passing 
into cement carbon. The special property of chrome 
steels is extreme hardness. Chromium appears not to 
confer hardness upon steels in the absence of carbon. 

We do not know in ^ihaX form hardening carbon 
exists in steeL It may be simply a solid solution of 
carbon in iron. What is a solid solution ? 



§ i8« Compounds, Mixtures, and Solutions 

There are two special features about chemical com- 
pounds which it is well to notice. The elements which 
make up a chemical compound are so completely 
merged one in the other as to form a new substance 
haying properties quite distinct from any of its com- 
pcments. Neither by the microscope nor by any other 
known means is it possible to detect the components 
of the compound so long as the compound retains its 
indiyiduality. In cc^per oxide, for example, the com- 
ponents — copper and oxygen — are absolutely indis* 
tinguishable. The compound is quite homogeneous. 
The second feature is that the elements are combined 
together in certain fixed and definite proportions. In 
black copper oxide there are 63*5 parts of copper for 
eyery 16 parts of oxygen; in red copper oxide, 127 
parts of copper are united with 16 parts of oxygen. 
Copper and oxygen unite in no other proportions. 

On the other hand, in glass, the lime, soda, and 
silica are united together so as to form a perfectly 

1897 ; MaaOoqra^lmt, 1. 154, 1898 ; Beport with A. A. Blair, G. 
DUloer, and J. £. Stead, Joum. Lnm and Steel Jtut., 66. u. 221, 1904. 
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homogeneous mass. The oonstituents are mei^ed to- 
gether as if the glass were a tarae chemical componnd. 
But glass does not satisfy the second criterion. The 
constituents can foe mixed in many different propor- 
tions. The amounts oi silica or Ume can be varied 
between wide limits and still produce glass. Olaas 
may be called a solid solution in contradistinction to 
ordinary liquid solutions, like whiskey and water, or 
salt and water. Solutions satisfy theifirst but not the 
second mark of chemical compounds. 

The components of an ordinary mixture are not so 
completely merged as in chemical compounds. The 
constituents of a mixture can generally be separated 
by mechanical means, and they may be mixed together 
in any proportions we choose. In a eutectic mixture, 
howeyer, Ihe constituents are mechanically mixed to- 
gether in fixed and constant proportions. To summarize, 
a giyen substance may be — 

n^tAw^..» /Indeflnite my^xsi^aaQA Ordinaiy mixtnre. 

±iewrogon.<pgg^^ proportioM ButeoUo mixture. 

llndet proport|g^ g^jj^ aolwtion. 

The terms ^isomorphous mixture" and '^ mixed 
crystals '' are not to be used in place of '^ solid solu- 
tion.*' Isomorphous salts are those which furnish 
crystals having the same shape or form ; isomorphous 
substances will frequently crystallize together to form 
single crystals, called mixed crystals. 

A solidified solution, although it be a solid, may 
yet retain the essential characteristics of a liquid 
solution.^ Of course, a solidified solution is not 

' y.BotliBiimd,Z0a.|i*yi.ClaR.,Se.i88, 1897. 
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necessarily a solid solution. As a general rule a solvent 
can dissolye more of any constituent the liigher the 
temperature. At any given temperature there is 
usually a Hmit to the amount the solvent can dissolve. 
If a solution is saturated at any given temperature, 
then, on cooling, the solution will reject all in excess 
of the maximum amount it can dissolve at the lower 
temperature. The solution theory of carbon-iron 
alloys affirms that — 

1. Molten carburized iron is a solution of carbon in 
iron. 

2. The solidified mass is a solid solution. 

8. The molten and solid solutions obey the laws of 
ordinary fluid solutions.^ 



§ 19. The Solidification of Molten Iron 

Let us examine in more detail a freezing solution 
of carbon and iron. The freezing curves are shown in 
Fig. 24. If molten iron containing less than 4j^ per 
cent, of carbon be cooled, a solid solution of carbon in 
iron begins to separate along the line AP (Fig. 24). 
This solid solution of carbon in iron is called 
martensite, in honour of the German metallurgist, 
A. Martena^ There is a complication. The solid 
solution of carbon in iron which separates is not a 
definite chemical compound. The iron will not retain, 
in solid solution, more than 2 per cent, of carbon, 
whereas the molten mass may have as much as 4^ per 
cent, of carbon. We have a new curve (ulQ, Fig. 24). 

> A. S. Stanflfleld, MetaUographM, 8. 24, 300, 1900 ; Journ. Iron 
and Steel InO., 50. ii 169, 1899; 68. ii 317, 1900. 

> W. C. Boberts-Auflten, Metallographiiir 8. 186, 1899. 

D 
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The abscissa, at any point on the cnrve AQ^ represents 
the oompositions of iJbie sdidy which separates when the 
sokAum has the composition represented by the 
abscissae of the curve AP' corresponding with the same 
ordinate. For example, the sdUd which separates at 
the temperature OT has the composition T8y while the 
composition of the freezing liquid is represented by 
TB. The eutectic mixture which separates at F con- 



2000*1 




^%usm 



FiQ. 24.— Fniibility CurrM of Iron-Oarbon Alloys. 



sists of graphite associated with martensite having the 
composition represented by if Q. As the irou cools 
down from the eutectic temperature OJf, the solid 
martensite rejects more carbon. The curve QN is the 
solubility curve of carbon in iron. When the tem- 
perature falls to 1000^ the solid solution, martensite, 
only contains 02V— that is, 1*8 per cent, of carbon. 
The carbon which separates out from the solid metal 
at temperatures below the point of solidification is 
usually in the form of a very fine powder, and it is 
called temper carbon, temper graphite, pr anneal- 
ing carbon. Graphite, you will remember, is an 
allotropic modification of carbon. 
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Boozeboom ^ has ooUeoted the resultB depioted in 
diagrams Figs. 18, 22, and 24 into one diagram, 
shown, slightly modified, in Fig. 25. Here P is the 




Fio. 25.— Diagrammatio. (Afler H. W. B. Boozeboom.) 

eutectic point of Fig. 18, and F of Fig. 24. Fig. 25 
may be taken provisionally to represent the relation 



^ H. W. B. Boozeboom, ZeiL Phys. Chem.y 84. 487, 1900; improved 
in Zeit mektroOiem., 10. 489, 1904; MetaOographia, 8. 293, 1900; 
H. le OhateUer, ibid., 8, 290, 1900 ; 4. 161, 1901 ; F. OfUXkoad, 4. 150, 
1901 ; H. JQptner Ton Jonfltorfi; ibid., 5. 210, 1902. 
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between the varioiia oonstitaents and the temperature, 
when the system is in stable equilibrium.^ Owing to 
the lack of suitable measurements, some of thecurres 
are only approximately known. After what has been 
said, I think one example will be sufficient to illustrate 
the use of the diagram. Take a steel with 014 per 
cent, of carbon. Solidification commences at a and 
finishes at h ; from & to c we have a solid' solution of 
carbon in y-iron ; at c ferrite begins to segregate from 
the solid solution in the form of /3-iron ; at d the iron 
passes into the a-form, while the solid solution still 
segregates a-iron, and at the same time becomes richer 
in carbon. The separation of a-ferrite continues until 
the point e is reached. The system then contains 
a-iron or tf-ferrite, and a solid solution of carbon in 
iron, or hardenite, with 0*89 per cent, of carbon. The 
hardenite at e passes directly into pearlite. 

Let us now follow the changes which take place as 
a molten solution of iron with 4 per cent of carbon 
cools down to ordinary temperatures, forming cast iron | 
with 4 per cent of carbon. 

Region J. — In region J. we haye a mixture of 
molten solution and solid martensite with 2 per cent | 
of carbon. 

Region 11. — This solidifies into martensite with | 
2 per cent of carbon, and graphite on passing into 
region II. There is no cementite formed in this 
region, because cementite decomposes into iron and 
graphite at about 1000^. 

It is interesting to notice here that the presence of | 
sulphur or manganese retards, while that of silicon 4 



^ H. 0. H. Garpenter and B. F. E. KeeHng haye examined this 
experimentally (/owm. Iron and Bteel Imt., $7. i 224, 1904> 
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8tiinulAt68, die 8ep«ration of graphite.^ The silioon 
might aet as indicated in the chemical equation '-*- 

F^ + Si = FegSi + C(graphite) 

^ An iron relatiyely free from silicon, and rich in snlphnr 

or manganese, will have little free graphite; while 
iron rich in silicon and comparatively poor in snlphnr 
and manganese will be suffused with free graphite. 
Hence the manufacturer can play silicon and sulphur 
against one another in order to preserye a uniform 

, percentage of graphite. If the amount of sulphur is 

greats the amount of silicon should be at^gmented, and 
vice versa. 

Begion III. — As the temperature cools down into 
region IZ7., the graphite which was juroduced in 
regions /. and II. combines with iron to form 
cementite, and at the same time the martensite is 
resolyed into cementite and martensite with 0*9 per 

"" cent, of carbon, or Arnold's iron subcarbide (FoaiC). 

Begion IV. — ^As the temperature cools down into 
region IV. the iron subcarbide decomposes into pearlite. 
The cementite in the final product thus comes both 
from the decomposition of the martensite and the 
carbon which is rejected as the molten solution of 
carbon in iron cools in region /• . 

But the phenomenon of surfusion plays a part. 
Passiye resistance may interfere with the aboye 
sequence of changes, and we may get grey, ultra grey, 
white, or malleable cast iron from the same solution. 

I i Qrey Cast Iron, — ^Here the sequence of changes 



^ G. Ohaxpy and L. Greiiet» MeidUographi$ty 5. 202, 1902 ; W. J. 
Keep, Out Iran, New T(»k, 1902. 

* W. OampbeU, Joum. Irm and 8M InU., i9, i. 211, 1901. 
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is interrapted in region ///. The transformation of 
the iron and graphite of region //. into cementite is 
suj^ressed. The consequence is that the 2 per cent, 
of graphite which was present in region //. is still 
found in the final product The cementite of grey 
cast iron is therefore wholly deriyed from the decom- 
position of martensite with 2 per cent, of carbon. 

ii Ultra Orey Cast Iron. — Here, owing to the 
presence of foreign substances, like silicon, the sepa- 
ration of graphite is greatly stimulated ; so much so 
that the martensite passes directly into ferrite and 
graphite. The final result is a mixture of ferrite and 
graphite. 

iii. White Cast Iron. — The formation of the eutectic 
mixture, martensite and graphite, in region L is sup- 
pressed. We have instead a supersaturated solution 
containing 4 per cent, of carbon dissolved in iron. 
The martensite so formed passes unchanged into region 
IL ; but it is decomposed into cementite and ferrite 
on passing into region ///. The final product is, 
therefore, a mixture of pearlite with cementite in 
excess. There is practically no free graphite. 

iy. MaUeable Cast Iron. — ^In malleable castings, 
white cast iron is heated in a bed of iron oxide, ** mill 
cinder," for five or six days in region IL (Fig. 25), so 
that the graphite which would have separated if the 
castings had been slowly cooled has time to segregate. 
The iron oxide removes the graphite near the surface 
of the casting, thus — 

FegO* + C = 3FeO + CO. 

Part of the carbon from within diffuses outwards, and is 
removed as before. The net result is a casting of grey 
cast iron with about 01 per cent, of combined carbon. 
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The remaining carbon exists in the form of fine 
particles of firee graphite — Ledebnr's temper carbon, 
in £ftct. The particles are so small that there is little 
danger of wei^ening the casting, as must occur when 
coarse particles separate, in the ordinary process of 
manufacture of cast iron. The advantage of malleable 
castings is that the cost of conyersion into steel is 
ayoided, and they are neither so weak nor so brittle 
as white or grey cast iron. 

When the cooling metal is suddenly quenched, 
various transitional forms are produced, which have 
received special names — ^hardenite, martensite, sorbite, 
troostite, and austenite. Metallurgists are by no 
means all agreed as to the identification of the 
different forms ; some are denied the right to the name 
" constituent.'' 



§ 20. Martensite, Hardenite, and Austenite 

We have already met with martensite as the solid 
solution of carbon in iron which separates during the 
solidification of molten iron. It may contain as much 
as 2 per cent, of carbon above 1130'^; but, as the 
solution cools, cementite gradually separates out, and 
the remaining solid solution of carbon becomes poorer 
and poorer in carbon. The separation of cementite 
continues until the solid solution has 09 per cent, of 
carbon. This is the eutectic mixture which segregates 
into pearlite. Some reserve the term martensite for 
the unsegregated eutectic mixture containing 0*9 per 
cent, of carbon.^ 

1 J. O. Arnold and A. M*WiUiam, Jowm* Iron and Steel Ind.^ 50. 
i 85, 18d9; MetaXloqra^lhUt, S. 278, 1899; A. Sanyenr, ibid,, S. 305, 
1899. 
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Osmond giyes the following relation between the 
amonnts of ferrite and martensite in a steel containing 
0*14 per cent of carbon, and 019 per cent, of man- 
ganese when quenched at different temperatures. 



Qaeochedat 


Kartenstte. 


Ferrite. 


«a 


Percent. 


Per cent. 


1S40 


90 


10 
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61 


89 


820 


46 


54 


770 


24 


76 


670 


14 


86 



Is the nnsegregated eutectic a chemical compound ? 
Arnold thinks that it is a definite compound, and calls 
it iron subcarbide (FesiG), or hardenite. Others 
think that we are dealing with a compound of cemen- 
tite with iron in the form of ** iron of crystallization ^ 
(FeaC . 21Fe), analogous to the water of crystallization 
in crystallized sodium carbonate (NaaCOs . lOHaO), or 
the ** alcohol of crystallization " in CaOl2 . 40H80H, It 
is supposed that, below the Ari critical point, the 
martensite with 0*9 per cent* of carbcm dissociates into 
ferrite and cementite. The term martensite thus in- 
cludes both the nnsegregated eutectic containing 0*9 
p^ cent, of carbon (Arnold) and the solid solution of 
hardening carbon in iron (Osmond). 

Martensite is best formed when a steel containing 
0*2 to 0*8 per cent, of carbon is cooled from above the 
Ara critical point (830°) slowly to the Ara point (730°), 
and then suddenly quenched in a freezing mixture at 
— 20°. Martensite has the appearance of interlacing 
needles^ shown in Fig. 26, which is a specimen of soft 
rail steel. Fig. 27 is a specimen of hardened tool 



ViO. 26. — Martenaite. (B. UeyD.) 



Fio. 27.— Hatdenite. (E. Heja.) 
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rteeL It is frequently y«ry d^onlt^ if not impoitible, 
to detect the crystalline structure of martensite in 
properly hardened steel. 

When the steel has just the eutectic proportion of 
carbon, namely, 0*9 per cent., the martensite is called 
hardenite, and, by Arnold, iron subcarbide (FcmC) ; 
while if there is a greater amount of carbon than this, 
say 1 to 2 per cent., the result, on quenching, is a 
mixture of hardenite with a softer constituent, called, 
by Osmond, austenite, in honour of W. C. Boberts- 
Austen. Austenite is said to be so soft that it can be 
scratched with a knitting needle. Some deny the 
existence of austenite altogether. Fig. 28 shows a 
specimen of steel containing 1*57 per cent, of carbon, 
in which barbed plates of hardenite are embedded in a 
matrix of the alleged austenite. 

NoTB.^ro trace ik& tfyraduraX ektmgu in the eompoiOion 0/ an 
dUoy eoniaining 4*5 per cent of oarbom a$ U eoch down from above 
1130°. (Tiemann.*) 

Aboye 1180° the oarbon in ezoess of 4*3 per oeni separatef af 
graphite. There is 95*5 per oeni of pure iron, and if thii has 4*3 per 
oent. of oarbcm it will have 4*3 x 95*5 -ft- 100 = 41 per oent. 

.*. 4*5 — 4*1 s 0*4 per oeni graphite separates at 1130°. 

At 1180°, the enteotio of graphite with martensite oontaining 
2 per oeni ol oarbon separates. Thete is 95*5 per oeni of iron, and 
this has 2 per oeni of oarbon; and 2 x 95*5 -ft- 100 = 1*9, 

.*. 41 - 1*9 = 2*2 per oeni gn^hite separates at 1130°. 

Between 1130° and 1000° the percentage of oarbon in the martensite 
diminishes from 2 to 1*8 per oeni Henoe, sinoe 1*8 x 95*5 -ft- 100 s 
1*7, we hare 1*9 — 1*7 = 0*2 per oeni of oarbon. 

/. Total graphite s 0*2 + 2*2 -f- 0*4 = 2*8 per oeni 
Martensite ax 100 - 2*8 ss 97*2 per oeni 

' H. P. Tiemann, MetdOographiet, 4. 813, 1901. 
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Below 1000^ martemfite -oomfainef with graphite to form cemen- 
tite:— 

Blartensite (with 1*8 per oent. of carbon) + graphite = Fe,0. 

Oementite has 67 per oent. of carbon, and, therefore, to convert all 
the ferrite to oementite, we require 67 X 95*5 -ft- 100 s 6*4 per cent 
of carbon. This wonld make la total of oyer 100 per oeni The 
martensite already has 1*8 per cent of carbon, and hence, 6*4 •- 1*8 = 
4*6 per oent. more oarbon is needed to ocmvert the 97'2 per cent, of 
martensite into oementite; bnt only 2*8 per cent, of graphite are 
available, hence the 2*8 per cent of graphite will form 2*8 X 97*2 -»- 
4*6 = 59*2 per oent of oementite; and 100 - 59*2 = 40*8 per cent, of 
martensite will remain. 

Below 690^ the martensite forms pearlite and oementite. Pearlite 
has 0*9 per oent. of carbon, and oementite 67 per cent Let x denote 
the percentage of pearlite, and y that of oementite, 

/. aj + y = 40*8 ; 0*9» + 6*7y = 1*8 X 40*8 ; 

hence, x = 84*5, y = 5*3. Hence, the total oementite is 59*2 + 6*3 = 
65*5 per cent The percentage amonnts of oementite and pearlite can 
also be calculated by the mle given on p. 29. 



§ 21. Sorbite and Troostite 

If the temperature at which the pearlite segregates 
be hastened by quenching the hot metal in lead, the 
pearlite loses its well-defined lamellar appearance, and 
we get what is called sorbitic pearlite, or sorbite, 
after the pioneer worker on the microstructure of steel, 
H. G. Sorby. Sorbite is unsegregated pearlite, a 
transitional form between martensite and pearlite. A 
specimen of sorbitic pearlite magnified 1500 diameters 
is shown in Fig. 29. The specimen contained 1 per 
cent, of carbon. Some hold that what we haye called 
granular pearlite, Fig. 20, is really sorbite. Whaterer 
sorbite may be, it is not homogeneous. 

There is another transitional form between 
martensite and pearlite rather difficult to prepare. 
It is produced when a metal containing about 0*45 



Fifl. 28.— HaideDite in A.(utenite. (F. OBmond.) 



Fia, 29.— Lamellar Sorbite. (F. Osmond.) 



Fia. 30,— TrooBlilo. (t\ Osmond.) 
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per cent, of carbon is cooled down to the Ari point 
(690^) and quenched in water .at atmospheric tem- 
peratnre.^ This constituent is called troostite, i^r a 
celebrated French chemist, L. Troost. A specimen of 
troostite embedded in martensite is shown magnified 
about 1000 times in Fig. 30. The steel contained 
0*45 per cent of carbon. 

There are, therefore, two transitional forms between 
the martensite and pearlite stages of cooling steeL 

Martensite *> trooBtite *> lorbite *> pearlite. 

Many metallurgists maintain that troostite and sorbite 
only refer to particular patterns which the con- 
stituents of the cooling alloy assume when the metal 
is quenched under special conditions. I dare say that 
it would be possible to get an infinite number of 
gradations between martensite proper and pearlite. 
AH we can say is that two predominating patterns are 
called troostite and sorbite. 

To prepare troostite, Le OhateUer reoommendB the heating of a 
steel bar containing 0*9 per oent. of oarbon in a fnmaoe, and leaving 
the other end free, so that the variation of temperature is nnlform 
thronghont the whole length of the bar. After qnenohing, find the 
points of medium hardness by means of a file, and, cm suitably etching 
them, the untransformed pearlite wiU be found separated from the 
completely transformed pearlite by a lone of troostite. 



§ 22. The Phase Rule 

The relation between the pressure and Tolume of 
a gas confined in a vessel at any fixed temperature is 
giyen by the well-known law of Boyle: pressure 
X Tolume is constant. If suitable units are chosen, 

> H. 0. Boynton, /oimi. Iron and Steel IneL, 67. i 262, 1904. 
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we may write f x v ^1. If the pressiue be 0*5 
unitSy the yolnme must be 2 imita. If not, the gas 
will either expand or oontract until the product ^Xv 
is unity. The equation |> x t; s 1 is called the con- 
dition of equilibrium for the gas. There is another 
relation of a similar nature which enables us to see 
whether the components of a mixture are those neces- 
sary for equilibrium. This condition of equilibrium is 
called Gibbs* phase rule. 

Before describing the phase rule it will be well to 
fix special meanings to three terms — component, phase, 
and degree of freedom. 

The components of a mixture are those entities 
which are undecomposable under the conditions of the 
experiment, and which take part in the reaction. The 
components oi a mixture may either be elements, or 
''undecomposable" compounds which behave in the 
given system as if they were elements. The com- 
ponents of an aqueous solution of salt are sodium 
chloride (NaOl) and water (H2O); copper and anti- 
mony are the components of copper-antimony alloys ; 
iron and carbon are the components of steeL 

The components of a system may group themselves 
in various ways. They may pass from one physical 
state to another, as when water boils or freezes ; they 
may combine with one another in various ways, as 
when antimony and copper form copper antimonide 
{GuaSb) ; they may form simple solutions, as when salt 
dissolves in water. Every homogeneous state— solid, 
liquid, or gaseous ; element, compound, or solution — 
which the components may produce is called a phase. 
The phases of a system are the physical states in which 
the components exist. A eutectic is not a phase. 

If a gas be confined in a vessel, the volume t;. 
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temperatnie 2^, and pressare j), are related by the con* 
dition of equilibrium (p x v = 27). If oaly one of 
these yariables is fixed, say the yolume, the state of 
the system will remain nndefined, because the vapour 
may yet retain the fixed yolume, while the temperature 
and pressure haye very different values. Two of the 
three variables must be known before the state of the 
system can be defined unequivocally. If> say> both 
the volume and the temperature are fixed, the remain- 
ing variable, |>, can only assume one definite value. 
The two fixed variables are said to be arbitrary or 
independent variables; the third, which can be 
calculated from the equation of equilibrium when the 
other two are known, is called a dependent variable. 
Another term for independent variable is degree of 
freedom. The above^eecribed system has two degrees 
of freedom. 

A system consisting of liquid water and water 
vapour can be defined by the two variables pressure 
and temperature. So long as liquid water is present 
the pressure of the water vapour is determined solely 
by its temperature. The state of the system is 
defined by two variables ; (me is the dependent vari- 
able, the other the independent variable. In other 
words, the system has one degree of freedom. 

If ice, liquid water, and water vapour all exist 
together none of the three variables can be changed 
without destroying one of the phases. In consequence 
the system has no degrees of freedom. 

The variability, variance, or degree of freedom of a 
system is the number of independent variables which 
must be fixed before the state of the system can be 
unequivocally defined. The degree of freedom also 
shows whether a system can survive an arbitrary 
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yariation of any one of these three Tariables without 
passing into some other condition. 

If a system has no degrees of freedom it is said to 
be invariant; if it has one degree of fireedom^ 
univariant ; if two degrees of freedom, bivariant ; 
and if the variance of the system be greater than tliis^ 
multivariant. According to Gibbs' phase rule^ a 
system will be in equilibrium when it has (7 - P 4- 2 
degrees of freedom, where G denotes the number of 
components, and P the number of phases. If F 
denotes the number of degrees of freedom of the 
system, then we may write the phase rule — 

P=0-P + 2 .... (1) 

If, for instance, a system has two components and four 
phases, it will have 2 — 4 + 2 = degrees of freedom, 
and the system will not be able to survive any 
variation of temperature, pressure, or in the concen- 
tration of its components. A one-component system 
cannot be in equUibrium if four phases are present, 
because the system cannot have less than no degrees 
of freedom. 

In the application of the phase rule to alloys it is 
usual to neglect the vapour pressure, and to consider 
only two variables, volume or concentration, and 
temperature. Hence the phase rule assumes the 
simpler form — 

P = C7-P + 1 . . . . (2) 

We may now apply the phase rule (2) to a number of 
examples. 

Molten hypoeutectic steel is divariant; the com- 
ponents are iron and carbon ; the phase is a molten 
solutioiL The same steel solidified at 1300^ is alao 
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^A^ 



diyariant, with the same components, and the phase 
martensite. At about 720*^ the phases are martensite 
and ferrite; hence the system is uniyariant below 
720^ At 690'' the system has the phases martensite, 
ferrite, and cementite ; the system is invariant. The 
pearlite present is not a phase. If the same steel be 
suddenly cooled from above 690^ the phases are also 
martensite, cementite, ferrite ; the system is therefore 
invariant, neither the temperature nor the concen- 
tration of the system can be altered without breaking 
up the system. As a matter of fact, the system is in 
an unstable condition. The test for the stability of 
a system is to find whether the system can survive 
a small change of temperature. Invariant systems 
can only be in equilibrium — stable equilibrium — when 
each variable has one fixed and definite value. There 
is only one particular temperature, for example, at 
which the two phases ice and water can exist together 
in the same system. 
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Copper, silyer 
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Biyariant. 


SoUd . 


Copper, silyer 


Two solids : copper 
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Uniyariant. 


Freezing entectio 


Copper, silyer 


Two solids, one liq. 


Inyariani 


M selectiye 


Copper, silyer 


One solid, one liq. 


Uniyariant. 


White cast iron . 


Iron, carbon 


Martensite, cemen- 
tite, graphite 


Inyariant. 


Grey cast iron 


Inm, carbon 


Ferrite, cementite, 
graphite 


Inyariant 
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Granite is oompoBed of the minerals mnscoTite 
(EsO . SAlaOs . eSiOs), qnartz (SiOaX and orthoclase 
(E2O • AlaOs • 6SiOa). The components are silica, 
alnmina, and potash; the phases are the three solid 
minerals ; hence the system is uniyariant, and it is in 
equilibrium. 

A. Findlay's The Phase Buie cmd its Applieations, 
London, 1903, is a text-book devoted to this branch of 
chemistrj. 

BxiBOUiB.— (1) Find the percentage of pearlite and exoees fenite 
in medium carbon steels containing 0*3 and 0*7 per cent of carbon 
respeotiyel J. Am. 33 and 67 ; and 78 and 22. 

(2) An aUoy containing a high percentage of graphite is required. 
If the castings, owing to their thinness, or &om the nature of the 
mould used, are expected to cool rapidly, why should the percentage of 
silicon be increased? An$, To stimulate the formation of graphite, 
since rapid cooling retards the separation of graphite. 

(3) Trace the changes which steels ccmtaining 0*4, 0*8, and 1*6 
per cent of carbon undergo as they cool slowly from the nudten 
condition. 

(4) Find the total ferrite, and total oementite in a low oarb(m steel 
containing 0*2 per cent, of carbon. An$, 97 and 3. 



THE HARDENING, ANNEALING, AND 
TEMPERING OF STEEL 

§ 23. General Properties of Hypo- and Hyper- 

eutectic Steels 

Thb mechanical properties of iron-carbon alloys are 
closely connected with the relative amounts of the two 
elements. The relation between the percentage of 
carbon in an alloy and the tenacity in tons per square 
inch is indicated ^ in the following table : — 

Per cent, of carbon = 0-05 01 0*2 0*4 06 0*8 1-0 1-3 
Tenacity . . = 25-00 26-0 81 860 480 580 60*0 44-0 

The gradual increase in the tenacity of the metal as 
the amount of carbon approaches the eutectic pro- 
portions is brought out very clearly. The results are 
shown graphically in Fig. 31. 

Cementite is a very brittle substance, harder than 
glass, while ferrite is as soft and as ductile as copper. 
The relative proportions and the distribution of these 
two constituents in any alloy must a£Eect its mechanical 
properties. In hypoeutectic steels the presence of 
an excess of ferrite renders the metal ductile and 
tenacious. On the other hand, in hypereutectio 

^ H. M. Howe, Eng. and Mining Joum», 241, 1887. 
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the |MO B 0Pco of sn ezoen of cementite 
djmhriihfg the ductility md iamdtj at the metaL 

In • Ami whidi has to be solijeeted to blows, 
there Aoold be no stni c tui ally free cementite. Chisel 
stedi^ in eooseqfoence^ contain app tu iim ately 0*9 per 
cent of caiboD. A catting file whidi has to withstand 
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Fio. 31.— Tenacity of Inm-OaiiMB AOojb. 

but litUe shock may have a little £ree cementite— say, 
5 per cent, excess cementite— or 1 *2 per cent, of carbon ; 
while a razor which has no shock to meet, and wants 
essentially a keen cutting edge, may have as much as 
10 per cent, of excess cementite, or 1*5 per cent, of 
carbon. The brittleness of snch a steel is not a serious 
objection. 

When the metal has 2 or more per cent, of carbon, 
the resulting alloys are called cast irons.^ White 
cast iron, for example, has so much cementite that it 
cannot be filed or drilled with ordinary tools. In 
white cast iron the carbon is principally in the form 
of cementite. By heating white cast iron to a suitable 



1 H. H. Howe, MeUaU>graj^i8t, 4. 177, 1901 ; 0. 203, 1903; Eneyc. 
Bnt. 89. 570, 1902. 
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—White Odflt Iron. (F. Popplewell.) 
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temperature (region J/., Fig. 28)9 the oementite is 
decomposed into firee graphitic carbon. The result is 
grey cast iron, in whidi the carbon is not combined 
with the iron, but is present in the form of graphitic 
carbon. The effect of free graphite on the properties 
of the alloy is only mechanical. It destroys the con- 
tinuity of the metal, and so renders it liable to fracture 
under the influence of mechanical stresses. Grey cast 
iron is soft enough to be filed, drilled, and subjected 
to other mechanical operations. Figs. 32 and 23 
represent the microscopic appearance of white and 
grey cast irons respectively. The dark spots on 
Fig. 32 consist of pearlite ; the lighter portions are 
oementite. 



§ 24. The Influence of Rate of Cooling 

The structure and properties of steel and cast iron 
may be profoundly modified by the rate at which the 
metal is cooled from a high temperature. Two pieces 
of steel haying exactly the same properties, chemical 
composition may have entirely different physical 
properties. The hardness, tenacity, and other proper- 
ties of the metal depend upon the relative proportions 
of the allotropic modifications of iron, and of mar- 
tensite, ferrite, and oementite present in the metal ; 
and these proportions, in turn, depend upon the rate 
of cooling. There is a particular temperature at which 
the speed of the transformation of hard martensite 
into soft pearlite goes on most rapidly ; and if the 
metal be cooled down past this temperature before the 
hard martensite has time to pass into soft pearlite, 
then the passive resistance to further change becomes 
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so great that any further change is arrested, and the 
properties of the hard martensite will predominate. 
On the other hand, if the metal be cooled down past 
this critical temperature yery slowly, the martensite 
will pass into pearlite, and the properties of the metal 
will be altered accordingly. The physical properties 
of steel thus depend upon — 

(1) Its chemical composition ; and 

(2) The heat treatment to which it has been 
subjected. 

The sole object of hardening, temperii^, and 
annealing steel is to make the metal pass through the 
yarious critical temperatures with the proper yelocity ; 
in other words, the different transformations which 
take place at the critical points are arrested when the 
constituents are distributed in the proportions neces- 
sary to confer upon the metal the required degree of 
hardness. When it is remembered how dependent the 
rate of cooling of a mass of metal is upon external 
conditions — specific heat, thermal conduotiyity, etc., 
of the quenching fluid — ^it is easy to see how so many 
empirical directions for the tempering of steel for 
special purposes haye crept into metallurgical practice. 
The belief in the efficacy of special nostrums and 
solutions persists eyen at this day. But I think that 
it would be difficult to match the two following 
receipts for quenching liquids taken fircmi a book of 
trade secrets published about 1530.^ In the first you 
are directed to boU snails in rain water collected in 
the first two months of the haryest. Bed-hot iron 
quenched in this resulting liquid is said to be as hard 
as steeL The author suggests the altematiye recipe 

^ W. 0. Roberts- Austen, A% liAtodLwMon to the Study cf MetaUwrgy, 
li7, London, 1902. 
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which I giro in his own words : *^ Ye may do the like 
with the blood of a i&an of XXX years of age, and of 
a sanguine complexion, being of a merry nature and 
pleasant • • . ., distilled in the middst of May/' 

In passing, another point may be noticed For 
the nniform tempering of a mass of metal it is neces- 
sary for the whole mass of metal to undergo the same 
variations of temperature. This is hardly possible in 
practice, because the cooling must go on through the 
outer surface of the metal, but the rate of cooling 
increases as the zqmre of the surface, while the total 
quantity of heat to be removed increases as the tyuhe 
of the mass of the metal. Hence the rate of cooling 
diminishes as the size of the specimen increases. A 
specimen may even be so large that real hardeniug 
becomes impossible. The mass cannot be cooled fiast 
enough. 

Although the properties of an alloy are closely 
connected with its chemical composition, yet there is 
much useful information to be obtained from a micro- 
scopic study of the metal which can be obtained in no 
other way. Knowledge gained by the microscope is 
not expected to supplant, but rather to supplement 
the results of the chemical analysis and of the 
mechanical and physical .tests. It is indeed possible 
that in the near future specifications will be made out 
for steel with stated amounts of the above-named con- 
stituents, sorbite, pearlite, ferrite, et)?., when certain 
specified properties are required. A metal with a 
large amount of sorbite, for example, is particularly 
tenacious, and metallurgists have therefore hivestigi^ed 
the best heat treatment for retaining a maximum 
amount of sorbite in the specimen. Hence we have 
^^sorbitic steel raUs;" and the so-called ^^ patented 
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wire" alloys^ which, by a special treatment/ have a 
large percentage amount of sorbite. The valued wear- 
ing qualities of gun-barrels, tires, and armour-plates 
are enhanced when the sorbite content is high. As 
an example, Sauyeur and Boynton ^ state that a steel 
with 0*55 per cent of carbon, cooled from 1150% has 
these propertit 



Howoooled. 


PreTBiUng 
oomtttnent 


HmUc limit 
lbs. p«r sq. inch. 


TCDAdtj. 

lbs. per sq. inch. 


In fomaoe . 
Inair. . . 


Pearlite 
Sorbite 


39,901 
55,000 


81,162 
99,979 



§ 25. The Allotropic Modifications of Iron 

Besides all this, the relative proportions of the 
three allotropic modifications of iron (p. 14) play an 
important psort Gkmuna iron is said to be as hard as 
chilled steel, while alpha iron is soft and ductile. The 
properties of beta iron are not very well known, but 
they are supposed to be intermediate between the 
properties of y- and of a-iron. Let me summarize the 
probable properties of the three allotropic forms of 
iron. 



▲Uotn^ic form. 


Normal limits 
ofstoUUty. 


Magnetic 
properties. 


Hardness. 


DnctiUty. 


Alpha, or a . 
Beta, or ^ . 
Gamma, or 7 


680° - 645*^ 
755*^ - 710° 
845° - 800° 


Magnetio 

Non-magnetio 

Non-magnetio 


Soft 

Hard 

Hard 


DnctUe. 

Brittle. 

Dactile. 



> J. E. Stead, Jbtim. Inm and 8Uel Intt., 64. n. 141, 1903. 
* A. Saayeur and H. C. Boynton, MeUiViographitt, 6. 148, 1908. 
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The critical points are very much affected by the 
presence of foreign substances. The influence of 
carbon is shown roughly in Fig. 33. The three 
critical points, Ar^ hx% Ai^ gradually conyerge into 
one critical point, at about 690^ as the percentage of 
carbon increases. 




"PuT^ Iron 



MddBteel MediumSUel 



Hard sua - 



Fio. 88.— The Inflnenoe of Carbon on the Oritioal Points. 



The effect of adding carbon is to increase the 
stability of hard y-iron. Pure y-iron is yery unstable 
at ordinary temperatures, and it passes rapidly back to 
normal a-iron at ordinary temperatures.^ But if a 
little carbon be present the rate of transformation is 
reduced ; and if the 7- or a-iron be suddenly cooled 
the transformation of the hard y-iron to the soft a-iron 
goes on yery slowly. The rate of transformation is 
then fastest at 690^ and gradually slows down to zero 
as the metal cools down to the temperature of the 
surrounding air. 

Still more remarkable effects are produced by 

> H. M. Howe, Uin&na Industry, 8. 880, 1900; A. Sanreor, 
MddOoffraphiit, 1. 27, 1898 ; H. le GhateUer, ibid., 1. 52, 1898 ; T. M. 
Lomy, Techniet^ 1. 450, 1904. 
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alloying the metal with manganese, nickel, chromium, 
and tungsten. These elements may lower the Ari 
point from 690^ down to atmospheric temperatures or 
less. In air- or self-hardening steels discovered by 
R Moshet the transition temperature \a brought down 
to ordinary atmospheric temperatures by alloying the 
metal with carbon, tungsten, and mangcmese. Again, 
the presence of 35 per cent, of nickel brings down the 
transition temperature of y-iron to a-iron as low as 
0^ 0. — ^the freezing-point of water. A steel of this 
kind maintains its cutting edge at a much higher 
temperature than ordinary carbon steeL In the high- 
speed or rapid-cutting steels^ these qualities are 
much enhanced by variations in the composition of 
the alloy and suitable heat treatment. There are 
about fifty brands on the market, and all are com- 
pounds of iron and carbon with (L) tungsten and 
chromium ; or (ii.) tungsten, chromium, and molybde- 
num ; or (iii) molybdenum and chromium. 

In the non-expansive alloys, or "invar" alloys 
of iron, containing about 36 per cent, of nickel, dis- 
covered by A. E. Guillaume,^ the transformation of 
7-iron to a-iron is just beginning at ordinary tem- 
peratures. Now o-iron occupies a greater volume than 

1 J. M. GledhiU, Te6knie9, t 591, 1904 ; 8. 17, 1904 ; J. T. Niohol- 
8on, ibid., 1. 84, 1904. 

* E. H. Saniter, MetdUographUt, 1. 251, 1898 ; G. Gore, Proe. Boy. 
8oe., 17. 260, 1869; W. F. Barrett, PhU. Mag. [4], 46. 472, 1873 ; F. 
Osmond, Obmpe. fiend., 128. 304, 1899; 118. 532, 1894; Hopkinson, 
Proe. Boy. 8oe., 48. 1, 442, 1890 ; H. le Ghatelier, Oompt. Bend., 110. 
283, 1890; 111. 454, 1890; A. E. Gaillaume, ibid., 184. 176, 1515, 
1897; 125. 235, 1897; 126. 738, 1898; MetdRographist, 6. 162, 1903; 
Naiwre, 71. 134, 1904 ; Le$ AppliooHons de$ Aden au Nitkel avee un 
Appendioe mtr la Th^brie des Aeien an Mei)se2,.Paris,1904; E. DumoBt, 
Compt. Bend., 126. 741, 1898 ; B. A. Hadfleld, Joum. Iron and BUd 
ln$i., 64. ii., 14, 1908. 
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y-iron. The transfonnation from one allotropic iarm 
to the other is spread over a certain range of tem- 
perature. The normal expansion or contraction of 
iron, as the temperature rises or falls, is just connter- 
balcmced \>j the decrease or increase in volume as iron 
passes from the a- to the 7- condition, or in the 
reverse direction. Hence it is not necessary to com- 
pen^te for the effects of temperature in clock 
pendulums and in geodesic measuring instruments. 
A similar state of things obtains with the elastic 
properties of nickel steels, and we are promised nickel 
steel hair springs for watches, which render it unneces- 
sary to employ compensated balance-wheels. 

If ordinary steel be melted with 8 per cent, of 
manganese and 2*5 per cent, of nickel, the result is a^ 
non-magnetic steel.^ There is no break in the 
cooling curve. The explanation is that the non- 
magnetic y-iron has not passed through its critical 
points at the ordinary temperatures. A steel with 
25 per cent, of nickel does not begin to show mag- 
netization at 0" C, but if cooled in liquid air the 
transformation of .7-iron to a-iron takes place very 
quickly, and the iron becomes magnetic. 

Magnetization is not a property peculiar to the atcnus of the 
80-caIled magnetio elements; rather does it seem to be due to a 
peonliarity in the arrangement of the atoms in the molecule, or of the 
molecules themselves. If it were possible to make the molecules or 
atoms of the other elements assume the peculiar arrangement which 
is the cause of their magnetic i»roperties, then we might make copper, 
brass, etc., magnetic. This has been done by Heusler.' Alloys 

^ L. Dumas, Ckmpt. Bend., 129. 42, 1899; Metallographiit, S, 48, 
1900; F. Osmond, ibid,, 1. 266, 1898; 2. 136, 1899; W. F. Barrett 
and W. Brown, TechnioSy 1. 123, 1904. 

' F.Heusler, Ueber die ferromagnetitehen Eigeiuehaftenvon Legier- 
nngm wimagndiieher MetaUe : Marburg, 1904. 
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oontaining the non-magneiio elementi, copper, 60 per cent; manganeBe, 
26 per cent ; alomininm, 14 per cent^ are magnetio— the 8(Hsalled 
Heoiler'i magnelie alloji. What is more, if the magnetic iron he com- 
hined with Henaler'B alloy, the aUoj loses its magnetic properties I 



§ 26. Annealing, Tempering, and Hardening 

of Steel 

But let ns return to the iron-carbon alloys. When 
steel is suddenly cooled from above the Ars to the Ari 
it becomes yery hard. A lot depends upon the per- 
centage of carbon. If 1 per cent of carbon be present, 
the steel is nearly as hard and as brittle as glasa Low 
carbon steel is, however, not much affected. 

The hardness and brittleness increases with the 
rapidity of cooling. For example, the cooling of a 
mild steel containing 0*1 per cent of carbon furnished 
the following numbers : ^ — 



Cooling Agent. 


Hudness. 


8oda solution (20^) . . 
Brine (20^ . . . 

Cold water (20<0 . . 
Wood tar (80*^) . . . 

Boiling water (100<0 . 
LeadC350°) . . . 






202 
156 
149 
121 
118 
112 









Hardness before quenching = 99. 

Still further, it does not matter yery much from 
what temperatures the cooling begins provided it is 
above the critical range, 720^ This follows from the 
subjoined tests, due to Arnold,^ with steel containing 

1 I. A. BrineU, /otfrn. Jrof» and iSteeZ Jfue., 69. i 269, 1901 ; H. M. 
Howe, Irtm^ 8M. and other AOoy*, Boston, 225, 1908. 

* J. O. Arnold, Engineeringt 64. 49, 1897 ; F. Osmond, MetoXUh 
graphiU, 8. 80, 1899. 



§ 26 HAftDENING AND TEMPERING OF STEEL 59 

0*07 per cent of carbon. The metal was quenched in 
brine at 5° C. 



Qunchadat 


Tnad^ toot per aq. iaeh. 


918*> 


814 \ 


887<* 


82-6 ( 


820O 


29*5 ( 


IW 


29^; 


650® 


25-6 


600° 


28-0 \ 


525° 


22*5 


400° 


220 


15<> 


21-4 j 



The explanation is based npon the fact that the 
hard martensite has not time to change into the rela- 
tively soft pearlite when the steel is suddenly cooled. 
The rate of change from martensite to pearlite at 
ordinary temperatures is extremely slow. If steeli 
quenched at ordinary temperatures, be heated, the 
changes which were arrested are resumed; and the 
nearer the steel be heated to 600^ the more rapid 
the change. Steel is annealed or softened when 
heated for some time at as low a temperature as 230^ 
or 300°. 

Steel is tempered at 230° when great hardness is 
desired ^ and the metal has no shock to meet, as in 
the case of razors. If the brittleness of this tempering 
is objectionable, as in the case of chisels and cutting 
tools which have to withstand certain shocks, such as 
blows from a hammer, the steel is tempered at ii 
higher temperature, say 300°. But this tempering is 
at the expense of hardness ; the loss of hardness is the 
price paid to get rid of brittleness. 

> P. Longmoir, Teeknia, 1. 888» 1904 ; 8. 568, 1904; 8. 82, 1905. 
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The object of aimealing is to render the metal 
tongh, softy or ductile. This is done by diminishing 
the abnormal qualities the metal acquired through 
hardening and mechanical working. The metal is 
annealed by heating it to the Aci critical point, and 
keeping it at that temperature a sufficient length of 
time to change the '^hardening carbon" to ^^ cement 
carbon,'* and the hard into soft allotropic iron. When 
the effects of hardening have been remoyed by heating 
the steel to the Aci point — ^it is quite immaterial 
whether the steel be slowly or quickly cooled — ^the 
metal will be annealed. In fine — 

(1) Eaeh eriHedl paint is aecompanied by sfrtictoroZ 
ehangeSj which begin and end with U. 

(2) No change in the structural composition takes 
place in a range of temperature where there is no critical 
point. 

(3) Sudden cooling serves to fix the structure possessed 
by steel immediately before codling. 



§ 27. The Law of Mass Action 

Let A denote the state of true equilibrium of steel 
below the Aci critical point ; B the apparent state of 
equilibrium which is prevented by passive resistance 
from passing into A. Obviously, A is annealed steel 
— ^the state of true equilibrium below the Aci point \ 
B is hardened steel — the state of true equilibrium at a 
high tanperature above Aci. If steel be slowly cooled, 
the successive stages in the transformation from B to 
A are effected without hindrance; but if steel be 
quickly cooled, the brake of passive resistance is in 
full activity before the passage £rom B to A is 
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oompletecL Sappose that 10 per oent. of B hM pMsed 
into A before the bnJce of passiye resistance is sa£B« 
ciMitly powerful to prevent any farther change, then, 
if the temperature be raised to 230% the brake is 
relaxed, and, say, 10 per cent more of B passes into A. 
The remaining 80 per cent is prevented from passing 
into A by the passive resistance. Again, by raising 
the temperature to 300% the brake will be siufficiently 
relaxed to allow a little more of B to pass into A; and 
generally, the higher the temperature, the less the 
passive resistance. At Aci the brake iq>pears to be 
sufficiently relaxed to allow the whole of B to pass 
into A. 

This analogy must not be pushed too £ur. For 
this reason. If the passage from B into A below the 
Ari obeys the laws of all chemical changes, then at 
any fixed temperature the velocity of the transfor- 
mation of B into A, at any instant, will be proportional 
to the amount of B remaining to be transformed into 
A. This is the law of mass action. By '^ amount " 
id meant the number of grams of B per unit volume. 

Let a denote the amount of B originally present, 
and Qb the amount which has already been transformed 
at any given instant, t ; then a^x will denote the 
amount of B yet remaining to be transformed into A. 
The law of mass action may now be expressed in 
symbols, the velocity of the reaction — 

F OS hifl — oj), 

where A; is a numerical constant, whose value depends 
on the conditions of the experiment, the magnitude of 
the passive resistance, the temperature, etc. 

It is easy to see that the velocity of the trans- 
formation must slacken down as time goes on. To fix 
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the idea, let k be unityy and the amount of a be 
100 grams* At the beginning of the action the 
velocity will be F = 100 grams per hour ; but when, 
saj> 10 per cent, has been transformed, V will be 
90 grams per hour ; when 10 per cent, of B remains 
untransformed, the velocity of the reaction will be at 
the rate of 10 grams per hour. When we say that 
'^ at 230^ the passive resistuice is relaxed so that 10 
per cent, of B passes into A," the meaning is that 
when 10 per cent, of B has pissed into A the rate of 
transformation of the remainder of B is too slow to 
affect the temper very materially when the mojbal is 
heated for a short time at the given temperature. It 
is reasonable to suppose that a more or less prolonged 
exposure at 100^ would anneal hardened steel just as 
effectually as a shorter exposure at a higher tem- 
perature, and that, if the heating at 100^ were con- 
tinued long enough, the whole of B would pass into A. 

Those who are familiar with the oalcnliifl wiU see that the velodtj 
of the reaction should be written 

dx 

•^ = A<a - »): or, 2 as 0(1 - a"*^. 

When aU B has passed into A, we haye a = of ; but this can only 
happen after the elapse of an indefinite length of time. See J. W. 
Mellor, ChmnieoA 8taiio$ and Dynamics^ London, 1904. 



§ 28. Theories of Annealing and Hardening 

The constitution of steel may thus be viewed from 
two important aspects — 

I. 2%e AUotropio Changes of the Iron itself. — The 
explanation which emphasizes the allotropic changes 
in the iron is known as the allotropic theory.^ 

> H. M. Howe, MMOograplM, 1. 150, 1898. 
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Osmond ^ has dealt particularly with this phase of the 
work. The hardening of suddenly cooled steel is 
supposed to be due to the presence of hard 7- or 
/3-iron. This state of things is favoured by the presence 
of foreign substances^ like carbon^ nickel^ etc. But 
we do not know if other elements^ in the absence of 
carbon, will effect similar changes in iron. Carbon 
seems to play an essential part in the action. But 
other explanations have been suggested. 

XL The Bdatiom between Iron and Carbon. — ^Ac- 
cording to the carbon theory,^ the whole of the facts 
observed during the hardening of steel can be ex- 
plained on the assumption that carbon exists in the 
two states — ^hardeniug carbon and cement carbon — 
already described. The cause of hardening by sudden 
cooling is due to the retention of carbon in the 
hardening state. This view does not explain the 
critical points in the cooling curve of pure iron, and 
the accompanying changes in, say, tiie magnetic 
properties of the metal. 

It has also been suggested that the hardening of 
suddenly cooled steel is due to the presence of hard 
carbides of 7- or j3-iron, which are decomposed at the 
critical points if the steel be cooled slowly ; but, if 
cooled quickly, passive resistance sets in before the 
carbides have time to decompose. This is the so- 
called carbo-allotropic theory of Howe.^ 



^ F. Osmond and J. Werth, Compt. Rend., 100. 450, 1885; Anndles 
de9 Minet, [81 8. 5, 1885 ; F. Osmond, iUd., [8], 14. 1, 1888 ; F. Ouncmd, 
Tran»formati(m$ du Fer et du Oarhone dans les FerSy Us Aeiert et Fonte$ 
Blanehes: Paris, 1888. 

2 A. Ledebni, Joum. Iron and Steel Ina.y 44. ii 53, 1893 ; Stahl 
vnd BUen, 14. 523, 1894; 17. 302, 436, 1897. 

' H. le Ohatelier, MetaHograj^ist, 1. 52, 1898. 
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J. Ol Anoli^ hm darvalopad ^ mterastoig ex- 
pliBfltMyvUckiikBowmMtlie snbcarbide theory. 
TW ponti of tkk iWwfy am m ioDovs : In eotei^c 
or MiwiUiil glad tken k okAj one critical point, Ari, 
vkkk Bodoi the pMMge of poariite into an homo- 
gaaeomBaai co n e y idiag witii tlie omjoiical fomuilik 
Foi/}. Then it no eridonoe to show that this sab- 

at hi^ier tempentoieB, or that carbon 
bam fwnlmatiott witii the inm and passes 
into a aolid eolation of elementary carbon in iron. On 
diwniliing this material in acid, practically the whcde 
of the carbon i» efiAfod aa hydrocarbon gaa 

In hypenvtectie or siqperaatarated steel, with, 
say, 14 per cent of carbon, the peadite changes into 
hardfnite at aboot 70(f , bat the cemi^itite only 
disBolTes in the haidenite aboTO 900^. 

With ansatonted steel containing, say, 0*2 per 
cent (tf carbon at the Ari^ 70(f , ^ the pearlite areas 
pass into haidmite;" at the Ara, 75(f, point ""the 
hardenite areas dissolye in the bc^ femte;'' 1^ the 
Ats point ''there is a dilatkm ot iron like that of water 
at 4° C." 

The tetms ''beta** and "gamma" are osed in the sense 
of a range of t^peiatore, and not of allotropic modi- 
fications of iron. Arnold lays no stress on the Arj 
and the Ats points. Tensile tests made on bars of 
iron containing 02 per cent, of carbon, and quenched 
in iced brine at temperatores ranging from atmo- 
spheric np to 1000° in an atmosphere of nitrogen, 
Jiowed that the tenacity increased &om about SOO'' to 
950^ proportionally with the quenching temperatures. 
There was no marked increase in the tenacity at the 

> J. 0. Arnold, Jowrn. Inm cmd Steel InO., 45. i. 814, 1891. 
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At2 at the Ara critical points. The hardening of steel 
by sndden cooling is supposed to be dne to the 
retention of hard snbcarbide. 

Let ns, then, compare the explanation offered b j 
the allotropic solntion theory with Arnold's snbcarbide 
theory for the condition of carbon in cooling iron. 



Tenqwraliire. 



Above Ar, 
At Ar, . . 
Bet. Ar, and 
At Axx . . 
Bet. At, and 
At At, . . 
Below Ati 



Ar, 

• • 
At, 



Allotropic theorj. 



SoMd sol. carbon in y-iron 

y-iron — ^ /3-iron 

Solid 8oL carbon in /i-iion 

/3-iron — ^ A-lion 

Solid sol. carbon in o-iron 

SFe + O -> Fe,C 

Ferrite and cementite 



SoboirUde theoiy. 



SoL of hardenite in iron. 
Maximum density of sol. 
SoL of hardenite in iron. 
Segregation of Fe,4C. 
Segregated hardenite. 
Fe,40 -»► Fe,0 + 2lFe. 
F^rite and cementite. 



I have frequently laid stress upon the fact that we 
can apply the ordinary laws of liquid solutions to the 
solidified solutions of carbon in iron. ' This has led to 
the use of the term ''solid solution/' as previously 
mentioned. We are indebted to Boberts- Austen for 
developing the subject on this side. I have treated 
the carbo-aUotrofdc theory from the point of view of 
the theory of solutions^ and summarized the results in 
Fig. 25. It would be an easy matter to reset the 
diagram so as to summarize Arnold's interpretation of 
the facts. I do not suppose for one moment that any 
of these hypotheses is dressed up in its final form. 
Each one has its weak and its strong points. All are^ 
or ought to be, agreed as to the facts. But metal- 
lurgists are yet only groping for the true explanation. 

ICany attempts haye been madeito calonlate the molecular weight 
of carbon, or of the carbides dissolyed in iron. It is shown in MemenU 
of Phy§U<U ChemtBtry that the lowering of the freezing-point of ahy 

F 
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solution Mow that of the pure solyent is directly related to the 
molecular weight of the diieolyed aiibstance bj formale resembling 

_, - , ... . ^ weight of substance 

Molecular weight = oonBtant x deprewion of freering-pomt 

On this yiew, for instance, it is possible to decide whether carbon 
disolphide dissolyed in methyl alcohol is present as 08^ 0,84, 
0(8,, . . . Chemical analysis only shows; that the relative proportions 
of : S = 12 : 64. So it has been sought whether the carbon is 
dissolyed as 0, 0,, C„ . . ., and whether the carbide is dissolyed as 
Fe,C, Fe^Cs, Fe,0„ ... in solutions of carbon in iron. The results 
cannot be accepted without reseryations.^ 

' H. JUptner yon JonstoriT, Jowtn, Iron and Steel Intt,y 55. i. 204, 
1899 ; 57. i. 219, 1900. 



Fio. 34.— CrjBtal of Ferrite. (D, THclienioff.} 



THE CRYSTALLIZATION OF IRON 

AND STEEL 

§ 2g. The Crystallization of Iron 

Wb can all give a more or less crude guess of what is 
meant by a crystal. The word is generally associated 
with a definite and regular external form which has 
been produced spontaneously^ and not artificially cut^ 
The octahedral and needle-shaped crystals shown in 
Figs. 1 and 2 are examples. Then again, in Fig. 34, 
we have the beautiful crystal of ferrite photographed 
firom a crystal 15 cm. (or 15 inches) long, which 
Tschemoff found in a cavity of a cast steel ingot. 
But it is not always so easy to decide whether a sub- 
stance is, or is not, built up of crystals. In Fig. 35> 
for example, you see the microscopic appearance of a 
section from a bar of pure Swedish iron. It is gene- 
rally supposed that the lines in the diagram represent 
the surfaces of contact of one crystal with another, and 
that the crystals have not had sufficient space in which 

I J. £. Stead, Joum. Iron and Steel Inst^ 58. i. 145, 1898 ; MetdOo- 
graphdd, 1. 289, 1898 ; F. Osmond, Anndlee dee Mines, [9], 17. 110, 
1900; MetdOographiet, 8. 181, 275, 1900; with G. Ohartaud, ibid., 4. 
119, 236, 1901 : AnnaUe dee Mines, [9], 18. 118, 1900 ; D. Tsohernoff, 
MetaUographist. 8. 74, 1899. 
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to develop their regular crystaUine form. The resnlt 
is a compact mass of irregular-shaped crystals, called 
crystalline grains, or simply grains. The metal 
appears as if it had been built up in the form of a 
mosaic with irregular-shaped stones. We know that 
iron is a crystalline substance. Pure iron has been 
prepared in the form of cubic crystals represented in 
Fig. 86. But in studying the structure of alloys, the 
crystals are usually so ill-defined and imperfect that it 
is impossible to decide from their external shape 
whether they be true crystals or simply amorphous 
grains. But we can leave this question with those 
more particularly interested. 



§ 30. The Development of Crystalline Grains 

The junctions of the crystalline grains of pure iron, 
shown in Fig. 35, and of puie copper, shown in Fig. 
37, are typical of pure metals ; but when impurities 
are present the crystals of the pure metal, in the act 
of crystallizing, reject the impurities which collect at 
the crystal boundarie& The particles of pure metal 
slowly migrate and coalesce together, so as to form 
little islands surrounded by the impurity. Accordingly, 
in the solidified mass we find the crystals of pure metal 
enveloped by a film of the metal associated with the 
foreign substanca Tlus investing memlnrane separates 
the crystals of pure metal one from the other. Ob- 
viously the mechanical and physical properties of the 
alloy — ^tenadty, ductility, elastidty, electrical con- 
ductivity — will depend upon the character of the film. 
The mass of pure metal, for example, may be quite 
ductile like gold, while the mass of metid with the 



Fia. 35. — Pure SwediBh Iron. 



Fio. 36.— Cubic Crystala of Iron. (J, E, Stead.) 



Fio. 37. —Pure Copper. (After J. O. Arnold.) 



Fio. 38.— Copper-bismuth Alloy. (After J, 0. Arnold.) 
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impurity may be quite brittle, as Arnold ^ found to be 
the case with an alloy of gold with 0*2 per cent of 
bismuth; and copper containing 0*5 per cent, of 
bismuth. A diagrammatic representation of the latter 
alloy is shown in Pig. 38. The light bands surround- 
ing the grey patches of pure copper consist of an alloy 
of bismuth and copper, and th^e is a distinct line of 
nearly pure bismuth between eadi band. The in- 
diyidual crystals, when separated from the investing 
memlnnme of bismuth and gold, were quite as ductile 
as gold, while the metal as a whole was as brittle as 
glass. 

Similarly with hypereutectic steals containing an 
access of cementite above that required for the for- 
mation of pearlite. The pearlite behaves like a pure 
metal, and rejects the excess of cementite to the 
boundaries, so as to form a network of cementite in a 
groundwork of pearlite, as shown in Figs. 39 and 40. 
The former contains 1*29 per cent, of carbon, the latter 
1*8 per cent. In Fig. 40 the enveloping walls of 
cementite are much thicker than in Fig. 39, as you 
would expect from the percentage composition of 
carix)n. The reason the network of cementite is light 
in Fig. 39 and dark in Fig. 40 is due to the fact that 
the illnminaticm is direct in the former case, oblique 
in the latter. The whiteness or blackness of the lines 
depends upon the mode of illumination when the 
photograph was made. 

SometimeB the heavier oonstituents of the cooling aUoy settle at 
the bottom, and the lighter near the top. Ice, for example, rises to the 

> J. O. Arnold and J. Jefferson, Engineering, 61. 177, 1896 ; T. 
Andrews, ^nd., 66. 411, 541, 733, 1898 ; MetdOographi^ 2. 105, 1899; 
W. G. McMillan and B. H. Hoosman, Nature, 54. 171, 1896 ; F. 
Osmond and W. 0. Boberts-Ansten, FhU. Traiu., 167. 423, 1896. 
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■urfaoe of freeiiiig water, and graphite ooUectB in the form of heaotif ol 
platee— known a« '^kish"— «t the siirface of cooling nltra-grey cast 
iron. 



§ 31. Grain Size and Fracture 

The fracture of a metal, or the broken surface which 
the metal presents, may be fibrous or crystalline. 
Experts can deduce a good bit of information firom the 
appearance presented by, say, a fractured pig of cast 
iron. Each variety of steel has its own peculiar 
fracture. Wrought iron has a fibrous fracture, while 
high carbon steel has a characteristic porcelain-like 
fracture. ^ 

The same piece of metal, however, may be broken 
so as to present very different fractures. Wrought 
iron, for example, if nicked on one side and gradually 
bent, gives a well-defined fibrous fracture ; while, if 
nicked on all four sides and suddenly broken, the 
fracture will be crystalline. But these are well-known 
" tricks of the trade." 

The fracture, when performed under definite con- 
ditions, furnishes a true indication of the coarseness of 
the crystallization. The degree of coarseness of the 
fracture, or the average size of the crystalline strains 
when a stiitably prep^ specimen is Lamined under 
the microscope, is called the grain size of the 
specimen. 

As a general rule, the smaller the grain size the 
better the steel, and we naturally ask : Is there any 
relation between the grain size and the highest tem- 
perature to which the steel has been heated in 
annealing ? * 

For practical purposes the physical properties of 
steel may be taken to depend upon — 



Fia. 39.— Iron with 13 per cent. Cttrbon. (F. Popplevoll.) 



PlO. 10. — Iron with 1'8 per cent. Curbon. (F. Popplewell.) 



Fro. il. — drain Sizo acquired at EN 



Pio. 42.— OraiD Size aoqnired at 1200°. (The Iron Age.) 

[.To fam p. 71. 
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(1) Chemical composition, ».6.| the relative amounts 
of other elements present ; 

(2) Distribution of constituents, ix.^ the relative 
proportions of ferrite, cementite, etc., present ; 

(3) Size of grains. 

Here are a few tests, by Sauveur, on the relation 
between the size of the grain and the physical pro- 
perties of the same piece of steel : ^ — 



Sise of grain 
in 0*0001 sq. mm. 


TeoBile strength 
Ulognn. per sq. mm. 


Elongation 
per oent. of length. 


Bednction 
percent. 


148 

118 

62 


69*6 

70-3 

77.7 


150 
190 
22-5 


20 
22 
85 



The relation between the average area and the 
tenacity is — 

Tenacity = 755 - 0004 A, 

An experienced man can generally give a sur- 
prisingly accurate guess of the temperature to which 
the steel has been heated, from the fracture, or from 
the microstructure of the metal. Tschemofif and 
Brinell have observed th^t the higher the temperature 
of annealing the larger the size of the grain. This 
will be evident on examination of Campbell's diagrams, 
Figs. 41 to 43, which represent the appearance of soft 
steel when heated to the temperatures indicated : Fig. 
41 to about 900°; Fig. 42 to 1200°; and Fig. 43 to 



1 N. Ljamin, Chem. Zeit, 21. 205, 1899; Batmaierialum, 8. 105, 
1899, finds the tenacity in different steels varies directly as the size 
of the pearUte grains— at the same finishing temperature ; H. Jiiptner 
von Jonstorff, MetaUograjihia, 2. 222, 1899; BUM %md Ei$&n, 19. 237, 
278, 1899 ; F. Osmond, Anndle$ de$ Mine$, [9], 8. 153, 1900. 
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about 1300^. A similar lesnlt has been obsenred 
daring the crystallization of brass.^ The following 
are the more important generalizations which have 
been made: — 

J. The higher the temperature dhcm the Aei point 
from whieh steel code the larger the euse of ihe grains^ 
while if the Aoi point is the highest tempercUwreaUained, 
then the steel will have the finest possiUe struettire whieh 
it can assume. Howe and Sanyeur^ seem to believe 
that there is a definite relation between the size of 
the grain and the highest temperature to which the 
steel has been heated. For a steel containing 1*1 per 
cent, of carbon, this relation can be represented by the 
formula — 

r = 680 + 281,250 A 

where A denotes the actual area of the grain in square 
millimetres ; T is the highest temperature reached in 
the annealing furnace. T8chemo£rs experiments do 
not quite tally with this formula at the more elevated 
temperatures, say 1400°, although at lower tempera- 
tures the agreement is satisfactory. The more exact 
law is given by the curve in Fig. 44. Let us illustrate 

> A. H. Ooote, Teehnidy 2. 290, 1904; H. H. Howe, Inm^Btee^and 
other AUoy$, Boetcm, 250, 1904. 

' H. M. Howe and A. Sauyenr, Eng, and Mining Joum.^ 00. 537, 
1895; A. Sanyeur, Trans. Amer. Inst. Mining Eng., 90. 863, 1896; 
MeiaUographist, 2. 264, 1899; H. Jtiptner yon Jonsiorff, 8tahl nnd 
Msen, 19. 237, 278, 1899 ; I. A. BrineU, Jowm. Iron and Steel InsL, 90. 
i. 365, 1886 ; Metailographid, 9. 129, 1899 ; H. Fay and S. Badlam, 
ibid.y 4. 31, 1901 ; J. E. Stead, Joum. Iron and Steel Inst, 58. i. 145, 
1898 ; 54. u. 147, 1898 ; Metkhgraphist, 1. 289, 1898 ; 9. 85, 1899 ; 
O. H. RiBdale, 4t>id., 8. 64, 1900 ; Joum. Iron and Steel Inst., 58. i. 220, 
1898; 50. ii. 102, 1899; E. J. BaU, ibid., 87. L 85, 1890; 80. i. 108, 
1891 ; J. O. Arnold, Proe. In^. Civil .^.,il28, 1896 ; D. Twhwioff, 
Proc, Inst. Meeh. Eng., 152, 286, 1880. 



FiQ. 43.— Grain Size acquired at 1300°. (The Iron Age.) 
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its application to the specimen of steel for which the 
curve -4ciP was determined ; /8^P, that is OM^ repre- 
sents the siae of the grain at the temperature OB. 

If the size of the grain is smaller than it should 
be at any giren temperature^ then the grain will grow 
in size until it reaches the normal size indicated by 
the abore law. On the other hand, if the grain is 
larger than that which is characteristic of any particular 
temperature, the grain will not shrink to its normal 
size. For example, if the steel has the grain size ^P, 
Fig. 44, at the temperature OBy the size of the grain 
will remain OM^ and will not shrink to ON. The 
slope of the curve will be different for different steels ; 
the steel represented in Fig. 44 contained 1*1 per 
cent, of carbon, and Imces of silicon imd manganese. 




N M (/raiAJizi 
Pio. 44. 



The average maximum size of the grain at any 
temperature is the average size of the grain when the 
full sectional area is presented. In some places only 
part, or one comer of the grain is shown. Sauveur ^ 

» A. Sauveur, Tran$, Amer. Inst, mning Eng„ 22. 546, 1893 ; 
Joum. Iran and BUel Inst., 56. ii. 195, 1899 ; MetaUographiaty 2. 264, 
1899 ; B. G. Mone, ibid., 8. 180, 1900 ; 2Vafi«. Amer. Inst. Mining Eng., 
29, 1900. 
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0866 the camera lucida planimeter for measuring the 
siie of the grains. Bisdale recommends a comparison 
of photographs made on the same scale. Morse counts 
the number of grains in a measured area on the 
photography and takes the average of as many different 
grains as possible. This is reduced to actual size on 
diyiding by the magnification and the number of 
grains counted. 

XT. If hardened or unhardened steel he heated to the 
Aci critical pointy aU previous crystalline structure, how- 
ever coarse and distorted, is obliterated and replaced by 
the finest possible structure which the metal can assume. 
This rearrangement of the size of the grains is called 
heat refining. The breaking up of the old structure 
is due to the change of cement into hardening carbon, 
or of cementite to martensite, and to the diffusion of 
the carbon after these changes. The transformation 
of cement to hardening carbon is sudden ; while the 
passage from hardening to cement carbon takes place 
gradually, and is accompanied by the evolution of 
heat.^ 

The law only applies to hard steels. With hypo- 
eutectic steels, the old coarseness is not quite obliterated | 

when the Aca point is reached ; and as the old struc- 
ture being destroyed between the Aci and the Aca 
points, a new growth sets in. Consequently, hypo- 
eutectic steels cannot be refined so completely as 
eutectic, or hypereutectic steels, because the old 
structure cannot be effaced without permitting, at the 
same time, a considerable growth of the new. 






> J. E. stead, Jown, Iron and Steel In$t, 68. i. 145, 1898; 64. u. 
137, 1898 ; MetaUographisty 1. 289, 1898 ; I. A. BrineU, ibid., 2. 129, 
1899. 
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Stead ^ has shown that with very soft steels, con- 
taining 0*25 per cent, to 012 per cent of carbon, the 
feirite grains grow larger as the temperature rises 
above 500^ and, instead of being refined, the grains 
continue growing as the temperature passes the Aci 
(700°) point, and continue growing until the Acj point 
is reached. No material increase in size then occurs 
imtil the Ac^ (900^^) point is reached, when the former 
granular structure is broken up, and the steel is 
refined. This shows how necessary it is to avoid 
heating soft steels for any length of time at a dull red 
(about 500°). 

III. If steel be heated for some time to a temperatif/re 
just above 1000°, the metai, even mild steet^ beeomes very 
hritUe^ a/nd acquires a coarse crystalline structure. The 
size of the crystals may be considerably reduced by 
quickly cooling the steel from the temperature of 
overheating although the brittleness still persists. 
Steel so affected is said te be overheated. The 
disease can be cured by heating^ the steel for a few 
days near the Acs (850°-900°) critical point.^ 

There is an aggravated form of overheating pro- 
duced when the metal is heated te a temperature so 
near its melting-point that an evolution of gas occurs. 
This gas forces the crystalline grains apart, and so 
destroys the continuity of the mass. The gases are 
probably carbon monoxide, formed by the union of the 
occluded oxygen with the carbon of the steel, as well 
as hydrogen and nitrogen. The disease is called 
burning, and the steel is said to be burnt. Burnt 



1 J. E. Stead, Jown. Iron and 8ted InH., 68. i. 289, 1898. 
« E. Heyn, Jaum, Iran and SUd Inst,, 68. ii. 78, 1902 ; W. Camp. 
beU, ibid,, 64. u. 859, 1908. 
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steel is brittle both hot and oold; it has a coarse 
crystalline fractorci and a coating of oxide is frequently 
found on the faces of the crystals at the fractured 
surface. 

The cooling oarve of pore iron BhowB critical points at about 400^- 
The effects are dae to the hydrogen occluded in the metal.^ It is 
interesting to notice that the presence of hydrogen ^;ui diminishes the 
ductility of the metal, as you can see by dipping two pieces of steel 
wire in dilute sulphuric acid (one of add to ten ^ water by weight) 
for half an hour, and keeping a third piece for comparison. The 
pickled wires are quite brittle. One of the pickled wires may be 
heated to 100^ to show that when the hydrogen gas is driven off by 
heating, the metal regains its ductility. 

Burning is an incurable disease — at least so far as 
heat treatment is concerned. Heat treatment can 
only induce allotropic or chemical changes in the 
alloy ; it cannot close up actual fissures in the metal. 
Mechanical kneading and compression by hammering 
and rolling is much more effective in closing up the 
cracks, especially if the oxidation is not very great 

Why do not ingots and castings bum as they pass 
through the burning range on cooling down from the 
casting temperature, whereas if a steel bar be heated 
to this temperature and then cooled — quickly or 
slowly — it is incurably burnt? We have seen that 
burning is caused by the oxidation of the crystal fSetces 
by the inward diffusion of oxygen. When a casting 
is cooling, the hydrogen dii^lved by the metal is 
working outwards in such a way as to preyent the 
entry of oxygen; but steel bars made from these 
ingots, haying lost their hydrogen, haye nothing to 



i E. Heyn, JE^wdfi tmd S^U, SO. 887, 1900 ; JftftoOo^ropiUsi, 6. 39, 
1903 ; L. Bomanol^ i&icL, 2. 247, 1899 ; 8UM. uiui JiJMti, 19. 265, 1899 : 
for oxygen in steel. 
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preyent the infiltntion of atmospheric oxygen between 
the faces of the crystals. 



§ 3a. Influence of Mechanical Work 

The normal crystallization of steel generally leaves 
the metal in a state not well adapted for industrial 
requirements. But this structure may be broken up 
by the mechanical work of rolling and hammering the 
metal. The forging may be performed under two 
conditions : — 

i. Hot work when the metal is forged above the 
critical temperature Aci. 

ii. Cold work when the forging is performed below 
the Ari critical point. If the temperature is rising 
from below the Ari point> then at temperatures between 
the Ari and the Aci points^ the metal is being cold 
worked ; and hot worked if the temperature is &lling 
from above the Aci point 

The following are the more important structural 
changes which take place during the mechanical work- 
ing of the metal : — 

I. If the work is suffieiently vigorous to affect all 
pa/rts of the mass, no erystalUzation takes place while the 
steel is being worked} 

IL Hot work has no direct action upon the structure 
of the steel, hut, as it retards crystallization till a lower 
temperature is reached, it may influsnce structu/re in this 
way. Howe ^ explains the relation between the tempe- 
rature of the hot work and the size of the grain. 



' B. Job, Metdllographiit, 5. 177, 1902; S. S. Martin, ibid,, 5. 191, 
1902; A. SaoTenr, <bid.y 5. 197, 1902. 

* H. M. Howe^iitm, SM, and other AUoyh Bodton, 2^ 190a. 
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somewhat as follows: If the steel is worked at a 
temperatoie OB (Fig. 45), the rollers break down the 
grain; after that, the crystalline grains grow along 
the line BG as the metal coob down. If the cooling 
mass be again rolled, the grain will be again broken 
up, and the size of the grain on subsequent cooling 
will be reduced to BE, The grain goes on growing as 
the metal cools along the line EFy only to be again 
broken up when the metal is rolled again. This 
alternation of changes goes on as the steel passes 




^ J D OnanstoL 

Fig. 45. 



through and through the rollers. The result is the 
zig-zag BOEF . . . HIJ. If the rolling ceases when 
the curve HI crosses the normal line OA, the size of 
the grain in the finished product will be OJ. Hence, 
the size of the grain tvHl be smaller the lower the Jmish-- 
ing temperature. The finishing temperature is the 
last effective rolling or hammering. 

The object of rolling is to expel slag ; close up 
the blowholes and other irregularities. The metid 
will be softer the hotter it is, and less power will then 
be required to do the work. Hence it it is doEdrable 
to work the metal as hot as possible. But we must 
set against this the fiEtcts just brought under notice— 
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the higher the finishing temperature the coarser the 
grarn^ and the more brittle the metal. Hence the 
higher the finishing temperature above the Aci point 
the poorer the quality of the steeL The practical 
application will be obyious. Work the metal at as 
high a temperature as possible, so as to save power 
during rolling, and then reduce the temperature by, 
say, a current of cold water, so that the rolling may 
take place at a low temperature. This is done, for 
instance, in tire and rail rolling. In welding, too, 
after the two pieces are actually joined, the smith 
continues hammering until the temperature has fallen 
low enough to insure a relatively fine grain in the 
finished piece. The parts to be welded are first 
thickened, so as to allow of this '^ hammer " refining. 

117. GM work distorts the grain, or flattens and 
elongates the crystals in the direetion of roUing. The 
lower the temperature the more pronounced the effects 
of cold wor^g. The structural changes of cold 
working can be obliterated by heat treatment up to or 
over the Aci critical point. The adjoining diagrams 
(Figs. 46 and 47) show a specimen of rolled steel 
before and after annealing. Notice the fibrous struc- 
ture oif the sheet (Fig. 46) after rolling at 600% and 
the crystalline structure of the same sheet after 
annealing (Fig. 47). The fractured surface of the 
rolled sheet had a fibrous appearance, and the sheet 
was not brittle ; the second broke with a crystalline 
fracture after severe punishment 

§ 33. Influence of Other Elements 

A large number of empirical observations with the 
testing machine have been made upon the influence of 
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elements like manganeee, snlphnr, silioa, chiominm, 
nick^ and pho^oios npon the properties of the 
iron-carbon alloys. A full description of their effects 
mnst be songht in the regular text-books«^ Some 
elements increase, others diminish the tenacity* 

I. The tenacity i$ lowered by elements like siliocm, 
phosphomsy and snlphur, which promote the formation 
of graphitic carbon or cementite; by elements like 
phosphorus and copper, which canse the formation of 
other separations ; by elements which increase tiie sioe 
of the grain, e.g, phosphorus and manganese ; by non- 
metallic elements which induce the formation of tiiick 
cell-walls, or whidi separate the crystalline grains one 
from the other ; for instance, gases, large amounts of 
sHicon, compounds of iron and sulphur, and of manga- 
nese, and sulphur, slag, and oxides. 

n. The tenacity is increased by elements like nickel 
and cobalt, which possess a high tenacity; by small 
amounts of elemimts like mai]^anese, chromium, tung- 
sten, titanium, which hind^ the separation of graphitic 
carbon ; by small amounts of elements like silicon and 
aluminium, which hinder the formation of blow-holes ; 
and by elements like nickel and chromium, which 
fayour the formation of firmly locked crystals. 

The internal changes by which these e£fects are 
produced are little understood. The "impurities" or 
"foreign substances" may not only react upon the 
iron, but also upon ike c^urbon, and upon each other. 
Among the secondary reactions we haye the possible 



» A. H. ffioma, Steel and Iron, London, 1903 ; or, F. W. Harbord, 
The MetaUurgy of Steely London, 1903; A. Carnot and E. Gontal, 
AwMlee de8 Mines, [9], 18. 263, 1900 ; MetdOographiet, 4. 286, 1901 ; 
H. Jiiptner von Jonstorff, ibid., 2. 222, 1899 ; Stahl vnd Eieen, SO, 939, 
1899 ; T. Tnrner, The MeiaUwrgy of Iron, London, 1904. 
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formation of manganese carbides — ^Mn^C ; Fe8C.4Mn80 
^when manganese is present ; with chromium we may 
have the doable carbide — SFesO • OrgCa ; if silicon be 
present along with manganese we may have manganese 
silicide, MnSi, produced; and with sulphur, manga- 
nese sulphide, MnS; while phosphorus may produce 
many yarieties of {^osphides of iron.^ 

Besides the formation of c<»npounds of this type, 
there is also the possible existence of aUotropic forms 
of the foreign elements — ^nickel, cobalt, say — which 
modify the properties of the alloy in a specific manner. 
There is thus a vast field of work before the metal- 
lurgist. What is the effect of the various secondary 
components upon the physical properties of the final 
product ? Under what condition^ are they formed ? 
How can the formation of deleterious secondary 
products be hindered ? 

EtBBOiSBS.~<l) Why flbould the finishing temperature of on- 
hardened steel be at the A0| oritieal point ? Am. The smaUer the 
grain the more ductile and tough the metal, etc. 

(2) How can the ■truotoral deformation broa^t about by cold 
work be obliterated ? 

(3) Why haye the central portions of thick pieces larger crystalline 
grains than the outer portions ? Am. In practice, thick pieces cannot 
be finished at a uniform temperature. The central portions of thick 
pieces leave tiie rollers at a higher temperature than the outer 
layers, etc. 

(4) If chisel steel which has been tempered at 300° be heated to 
230°, what changes wiU take place in the temper of the metal? 
Ant. None, if the brake of passiye reslstcmoe had telaxed to its limit 
at 800°. But see §27. 

> J. E. Stead, Jmm. Iran and Sled Inst., 58. ii 60, 1900 ; MetaUo- 
graphist, 4. 89, 199, 332, 1901. 
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THE INFLUENCE OF STRESS 

AND STRAIN 

§ 34. Intercrystalline or Intergranular 

Weakness 

Thb popular idea of the qualities of steel has crys- 
tallized into the phrase ^'as true as steel/' but 
metallurgists have now to face the uncomfortable fact 
that steel which has safely passed all the mechanical 
tests occasionally deyelops an extraordinary tendency 
to become brittle^ and breaks under stresses far below 
the elastic limit of the metal The condition of pur- 
chasing steel rails is that they stai^ without fracture 
the blow of a ton weight falling 50 feet. But the 
director of one of the largest railways in England, the 
late Sir Lowthian Bell, has said that ** occasionally 
rails for no apparent reason break with a blow from 
the height of a half or a quarter of that ; and some- 
limes after rails have been in use for a short time they 
positively break in two with a fall of less than one 
foot." I am also informed that the United States 
Goyemment haye gone back to wrought iron anchors 
for their irondads, on account of the treacherous and 

mysterious fractures which occur with approved types 

82 
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of cast steel kedge anchors.^ It is therefore of interest 
to examine this question in a little more detail.^ 

Just as the shaking of a superfused solution of 
sodium thiosulphate might induce the crystallization 
of the substance^ so is it conceiyable that> if the con- 
stituents of steel were in an unstable state of equUi- 
brium^ a sudden shock, or the continued recurience of 
a series of yibrations> might so relax the passive resist- 
ance that the internal structure would be modified in 
some way, and brittleness result. 

The disease may not be due to any alteration in 
the crystalline form of the metal. Steel is normally 
in a crystalline state. In many cases the source of 
weakness is the joints between the crystalline grains. 
When such a metal is fractured the line of fracture 
follows the junction of the grains. Stead calls this ail- 
ment intergranular or intercrystalline weakness 
{iifdeT = between). We have had examples. Arnold's 
work on the influence of bismuth on copper and on 
gold. One per cent, of sulphur arranged as a mesh of 
iron sulphide will entirely destroy the ductility of the 
iron, reducing the ultimate stress from 20 to 2 tons 
per square inch. Sulphide of iron is only found in 
appreciable quantities in iron low in manganese. 
'^ Manganese/' says Arnold, ^Ueems almost entirely 
to prevent the formation of cell walls of iron sul- 
phide." » 

The network of cementite which envelops the 

> W. M. Oarr, MetdOogra^hiH, 5. 58, 1902. 

* We shaU not oonsider weakness due to the presence of blowholes 
or slag. See C. H. Bisdale, Joum. Iron and Steel Inst^ 04. ii. 232, 
1903. 

' J. 0. Arnold and G. B. Waterhonse, MeidUographist^ 6. 302, 1903 ; 
Joum. Iron and Steel Inst., 68. L 136, 1903. 
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crystal grains of steel contaming oyer 1 per oent. of 
carbon are the principal lines of weakness. The metal, 
when fractured, generally breaks through the centre 
of this brittle envelope. The coefficient of contraction 
of the cementite cell walls is greater than of the cell 
contents. Fearlite cells, for example, bound together 
by thick cementite walls (Fig. 40), are liable to 
rupture, because the coefficient of contraction of tiie 
cementite cell walls is greater than the cell contents. 
The mass is, in consequence, yery feebly held together, 
and a sudden blow will easily fracture the metaL^ 
Intergranular weakness resembles the weakness of a 
brick building with fiftulty mortar; the whole might 
collapse, as jerry-built houses sometimes do when put 
to a severe test. 

There is another type of intergranular weakness 
which is due to imperfect union of the crystal grains. 
This is particularly marked in phosphorous steels. 
The crystal grains, on cooling, contract unequally, and 
tend either to draw the grains away from each other, 
or to leave the mass in a state of unnatural tension. 
The fracture then follows the granular junctions. 
Thick plates and bars are frequently brittle, because 
comparatively little work has been done on them. 
The crystals are not interlocked one with another as in 
steel which has been well worked. 

Intergranular weakness may, therefore, be of two 

kinds — 

(1) Brittle envelope surrounding the crystal grains. 

(2) Imperfect union of the crystal grains. 
Intergranular weakness may often ^be detected 

under the microscope. Steels which exhibit ^' loose " 



J. O. Arnold, MMUU>graphiU, 5. 267, 1902. 
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mt«tcryBtalIine ferrite joints,^ or a medied or cellolar 
stroctnre of any bind, aie to be labelled " dangeroas." 



§ 35' Intracrystalline or Cleavage Weakness 

Stead hae pointed out another type of weakness in 
sheet steels which has to do with the crystals them- 
selves withoat reference to the onion of one crystal 
with another. It is a kind of intracrystalline weak- 
ness {imi/ra » within). It is characteristic of some 
crystaU to break more readily in some directions than 
in others. For example, in a cnbical crystal, say of 



Fio. 48.~Gle«Tage Planw. 

HEF, QHI). Iron crystallizes in the cubic system, 
rock salt, the crystal splits up more readily in the 
three directions ASC, DEF, QUI (Fig. 48), parallel 
to the three crystal faces, and at right angles to one 
another. This property of crystals is called cleavage. 
The directions in which the crystal splits are called 
cleavage planes. A cubical cryetal of rock salt has 
the three cleavage planes shown in Fig. 48 (ABC, 

' That 18, a jmtotion which doTekpa rapidly od alight etching with 
nitilD Mid, ai indicated on p. 100. 
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and therefore ererj separate grain in a crystalline 
mass of iron is more liable to split np in these three 
directions than in any other. 

If a bar of iron could be cat from a single crystaJ, 
that bar wonid have three lines of weakness in the 
direction of the three cleavage planes; while if the 
bar were bnilt up of a number of crystals whose 
cleanse planes were all in the same direction, that 
her wonld be more readily broken in the direction of 




its deavege planes, neglecting for the moment inter- 
gtannlar weaknesses. Still further, if a number of 
adjacent crystals at one particular spot in a bar of iron 
were built up in this manner, then the bar would be 
more liable to mpture along the cleavage planes at 
this spot when subjected to the influence of a properly 
directed force. On the other hand, if the cleavage 
planes of the adjacent crystals are inclined at con- 
siderable angles to one another, the bar wonld be less 
liable to break than one in which the crystals were 
arranged symmetrically. Figs. 49 and 50 will make 
this clear. The dotted lines, oh. Fig. 49, represent the 
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deayage planes across a sheet of iron when the crystals 
are arranged symmetrically; while in Fig. 50 the 
crystals are arranged in an irregular manner. The 
cleavage plane of Fig. 49 run along parallel lines, and 
the sheet would therefore be more liable to rupture 
than the sheet shown in Fig. 50, where the lines of 
weakness are not in the same directicm, and this in 
spite of the fact that Fig. 49 has a finer grain. 

Other things being equal, a fine-grained structure 
is stronger and tougher than a coarse-grained piece. 
Figs. 49 and 50 show that this order of tilings may be 
reversed. Fortunately the crystals of iron and steel 
do not in general grow symmetrically. But the 
development of small into larger grains in the anneal- 
ing ovens shows that the cleavage planes of a number 
of adjacent crystals may assume the same direction. 
Wherever there are large crystals there must be large 
cleavage planes, or lines of weakness. 

Intercrystalline or cleavage weakness of this kind 
is comparatiTely rare, aad its pre^nce may be detected 
by the usual mechanical tests. 

A remarkable fact connected with the brittleness 
of soft; steel is, that the fracture is nearly always at an 
angle of 45^ to the direction of rolling,^ and at right 
angles to tiie surface of the steel. But this is also the 
orientation of the crystals of the metal made brittle 
by annealing. So long as this material is bent at 
right angles to that direction, there is no danger of 
breaking, but if the bending is attempted at an angle 
of 45"^ to the direction in which the plates were rolled 
fracture takes^place. The rolling seems to impart a 
tendency to crystallization in certain fixed directions 
which develop during annealing. 

> J. £. Stead, Jbum. Inm and Steel Inti., 64. ii. 137, 1898. 
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§ 36. Birth, Growth, and Structure of Crystals 

It is a fascinating and wonderful power which 
causes substances in passing from the Uqnid to the 
solid state to assume definite and characteristic shapes. 
I dare not say much upon the birth and growth of 
crystals. The first visible sign of crystallization in a 
fluid is the a{^)earance of a globular nucleus, called a 
globulite,^ about which the integral parts of the 
crystal are deposited in a regular manner, so as to 
produce a typical orystaL The series of drawings 
shown in Fig. 61 are adapted from a set of '^dnemato- 
graphic " photographs of a growing crystal of potassium 
iodide under a magnification of 100 diameters, and 
exposed 0*25th of a second*^ 

The little crystal at the bottom right-hand comer 
of 2, Fig. 51, has a globular form, characteristic of the 
primitiye " globulite." The globular shape, however, 
is really due to the fact that, while the crystal is small, 
its growth is so rapid that the borders of the growing 
mass does not seem to possess a sharply defined I 

outline. 

Every true crystal is made up of smaller crystals, 
each of which is a perfect replica of the originaL 
These crystals are made up of smaller crystals, and 
these in turn, made up of still smaller crystals^ and so 
on. The small crystals — called crystallites — are 
arranged in a perfectly definite and regular manner. 



^ A. Fook, An ItUroduetion to Chemieal CrytiaXhgraphy, Oxford, 
1895 ; J. W. Jndd, Nahure, 4/L 83, 1891 ; G. D. Li?eiQg, ibid., 4ft. 156, 
1891. 

< T. H. Rioliaidfl and E. H. Archibald, PhU. Mag,, [6], 2. 488, 1901 ; 
Amer. Ohem. Joum,, 26. 61, 1901. 



Fio. 51- — Growing CtjeUls of PoUBsiiun Iodide. 



— Snrfftce of Silicon Steel. (J. E. Stead.) 
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The outward feature of a crystiJ — regular geometrical 
form — ^may be destroyed^ and yet the minute fragments 
which build up the crystal all retain their crystalline 
characters. The ultimate particles are arranged in a 
regular and symmetrical manner. Fig. 52 is a sketch 




Fio. 52.— Crystal of Oaloite. 

of a crystal of the mineral calcite^ from which a few 
crystallites have been broken away so as to show that 
the larger crystal is built up in the manner just 
described. Each crystallite^ which has been removed, 
is made up of still smaller crystallites, built up in the 
same manner. Even if the whole be powdered to dust, 
each little fragment is a perfect model of the largest. 

If the surface of a crystal be suitably treated, the 
ends of the crystallites may be exposed. The specimen 
of silicon steel shown in Fig. 53, has been treated with 
nitric acid. The grouping of the minute elements 
which make up the specimen is brought out in an 
interesting manner. 

The cause of the splitting of a crystal along its 
cleavage planes will now be very clear. The planes of 
weakness in a crystal are naturally along the surfaces 
joining one crystallite with another. These are the 
cleavage planes of the crystal. 



90 CRYSTALLIZATION OF IRON AND STEEL S 37 



§ 37. Effects of Progressively Augmented Strain 

Ewing and Bosenhain^ found that if a metal is 
strained past its '^ yielding point " — elastic limit — ^the 
faces of the crystal grains (Fig. 54) show fine black 
linesy which increase in number as the strain increases. 
Lines appear on certain crystals nearly transverse to 
the pull ; but as the strain increases^ lines appear upon 
other grains. Intersecting lines then make their 
appearance on some of the grains. Such a strained 
surface is shown in Fig. 55. 

What are these lines ? Can they be cracks in the 
surface ? Probably not, and for this reason. A piece 
of iron, strained beyond its elastic limits, will recoyer ^ 
its original elasticity if it be allowed to rest for some 
time, or if it be heated to 100'' C. But the dark lines 
do not disappear. Furthermore, the lines do disappear 
when the surface is lightly polished in the usual 
manner. 

The lines are not actual cracks in the surface, but 
rather slips along the cleavage planes of the crystal 
They are called slip bands, or slip lines. Let AB 
(Fig. 56) represent a cross-section through a polished 
surface of metal. Let be the junction between two 
contiguous grains, A and B. When the metal is 
pulled in the direction of the arrows a number of slips 
are developed along the cleavage planes a, 6, c, d, . . ., 

> J. A. Ewing and W» BoBonhain, PAtl. TrafM., 193. 353, 1899; 
195. 279, 1900; J. A. Ewing and J. 0. W. Hnrnfrey, iWd., 900. 241, 
1902; W. BoBenhain, Jowm, Iron and Steel Imt,, 67. i 335, 1904; 
F. Osmond and 0. Fremont and G. Oartand, Bevue de MilaUurgie, 1. 
i. 1904. 

• J. Muir, PhU. Tr<M$.y 198. 1, 1900; Proe, Boy^SoCySI. 461, 1900. 



Fi8. 54. — Iron, (J. A. Ewing and W. Boaenhain.) 



PiQ. 55.— Lead. (J. A. Ewing and W. BoBenhain.) 

[To foot p. 90. I 
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and the surface now presents the appearance shown in 
Fig. 57. With still greater strains slip bands develop 
into actual cracks^ and rupture takes place. Hence it 
follows that vmder a progressively augmented strain 
rupture takes place^ not at the crystal boundaries, but 
through the crystals themselves. 

sup-bands have also been developed by com- 
pressioUy say pinching a button of polished silver or 





Pig. 66. Fio. 57. 

copper in a vice, by twisting an iron bar, and by bend- 
ing a strip of iron or copper backwards and forwards. 

Plasticity is nothing but the yielding or slipping 
past each other of adjoining crystals ; ice is only plastic 
when the strain is directed along the cleavage planes. 
In a large aggregate of crystals, only those crystals 
whose cleavage planes are in the right direction will 
suffer deformation. 

You will remember that the elastic limit or yield- 
point of a body is the maximum distortion which the 
body can undergo, and yet return to its original form. 
If the strain is not very much greater than the elastic 
limit, the restoration of the original form will take 
place very slowly, as indicated above. The metal 
exhibits what is called fatigue. Steel bridges, for 
example, sometimes sag during the week's traffic, but 
recover during Sunday's rest. 

It is possible to apply a much greater stress than 
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tiie elastic limit of the metal proyided the stress be 
applied yery quickly. Thus B. Hopkinson has recently 
shown that a piece of wire with an elastic limit of 
17*8 tons per square inch withstood a stress of 35*5 
tons per square inch applied for less tiian the 
thousandth part of a second. 



§ 38. Effects of Repeated Alterations of Stress 

Nearly fifty years ago Wdhler ^ made the important 
discoyery that the elastic limit is yery much reduced 
by^ and that metals will eyen break down under^ the 
repeated application of a stress yery much less than 
would be required to produce rupture if the stress 
were applied gradually and continuously. The strength 
of a piece of metal when tested in the ordinary way is 
not a sure guide if the material is to be subjected to 
a series of constantly yibrating stresses — ^pushes and 
pulls — such as might occur in the piston of an engine, 
and the axles of a railway carriage. An iron bar, for 
instance, which is capable of bearing 20 tons per square 
inch of steady load can only withstand 9 tons per 
square inch for six hours if tiie stress yibrates about 
144 times per minute. Bridges which might withstand 
the passage of a giyen number of trains per hour cotdd 
not bear the same number passing in a minute. 

The strength of a metal under the influence of 
alternations of stress depends on the number of alter- 
nations per minute; and the number of alternations 
which a metal can stand depends upon the intensity of 
the stress. The following table shows the number of 

> A. W5hler, En^inetfHng, 11. 199, 221, 248, 299, 826, 849, 1871 ; 
A. W. Kemp, Engineering BeHew, 11. 168, 1904. 



Fis. 3S. — Slip-bands appear. 
(J. A. Bwing and J. C. W. Humfrey.) 



Fio. 59.— Slip-bunds multiply. 
(J. A. Ewing and J. C. W, Humfrey.) 



Fig. til, — Polished Surface vith Large Crach. 
(J, A. Ewing and J. 0. W. Humfrey.) 
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aliematioiui of stress which isieqnired to mptuie when 
the stress is applied 144 times per minute : — 



Tom per square intih. 


Number of revolntione. 


15-3 


56,000 


14-4 


99,00a 


13-4 


183,000 


12-4 


480,000 


11-5 


910,000 


10-5 


8,632,000 


9-6 


4,918,000 


8^ 


19,187,000 



Ewing and Humfrey have subjected Swedish iron^ 
with a breaking stress of 23*6 tons per square inch^ to 
a series of pushes and pulls, 9 tons in magnitude^ 
repeated 400 times per minute. On examination it 
was found that fine slip-bands appeared in a few 
crystals after a few — say 5000 — reversals of stress, as 
shown in Fig. 58. With a greater number of reversals 
— say 40,000 — ^the slip-bands increase in number, and 
those which first appeared broaden and develop into 
small cracks, as shown in Fig. 59. If the specimen be 
repolished, so as to clear off the slip-bands, the cracks 
alone become visible, as at ^ (Fig. 60). The crack, or 
flaw, gradually creeps right across the specimen when 
the number of alternations is still farther increased, 
as shown in Fig. 61. Finally, the specimen breaks. 
Let me quote Ewing and Hun^y's own words : — 

'* Whatever the selective action of the stress is due 
to, the experiments demonstrate that in repeated 
reversals of stress certain crystals are attacked, and 
yield by slipping, as in other cases of non-elastic 
strain. Then, as the reversals proceed, the surfietces 
upon which the slipping has occurred continue to be 
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surfiaoes of weakness. The parts of the crystal lying 
on the two sides of each such surface continue to slide 
back and forth oyer one another. The effect of this 
repeated sliding or grinding is seen at the poUshed 
surface of the specimen by the production of a burr or 
rough and jagged irregular edge, broadening the slip- 
bandy and suggesting the accumulation of dSbris. 
Within the crystal this repeated grinding tends to 
destroy the cohesion of the metal across the surface of 
the slip, and in certain cases this deyelops into a crack. 
Once the crack is formed, it quickly grows in a well- 
known manner, by tearing at the edges, in consequence 
of the concentration of stress which results horn lack 
of continuity. The experiments throw light on the 
known fact that fracture, by repeated reversals or 
alternations of stress, resembles fracture resulting 
from 'creeping flaw' in its abruptness, and in the 
absence of local drawing-out, or other deformation of 
shape." ^ 

The rupture of steel is not caused by«the gradual 
growth of the crystalline structure of the metal under 
the influence of shocks and vibrations. The break- 
down is due to fatigue. When fatigued, the metal 
breaks more readily. Again, when subjected to sudden 
shock, the metal has no time to '^ flow." The slipping 
of the crystal planes, or the plasticity of the metal, has 
no time to come into play. The metal, in consequence, 
appears to be abnormally brittle. 

J I I _ 1 1 III ■ I 111 I !■ ■ ■ ■ I I II I I 1 1 I ■ ■ ■ ■ ' r" I - -If — |- - - T ,- 1 ft I in- - 

^ p. Kreuzpointer, Jowm, Franklin Inst.y 158. 233, 1902; J. A. 
Ewing, Nature, 70. 187, 1904; P. Breail, SuppL, Joum, Iron onci 
8Ud In9l., 1904. 



DEMONSTRATION; HOW TO PRE. 
PARE A SPECIMEN FOR THE 
MICROSCOPE 

§ 39. The Cutting of a Sample 

The piece of steel to be examined must be dressed 
up to a suitable size for microscopic examination. It 
is impracticable to examine the whole area of a 
large piece. The usual thing is to work with a cir- 
cular or square surface having an area of about ^ or 
I sq. in. The specimen should be about half an inch 
thick. 

The size of the grain in a bar of steel varies from 
the centre to the outside. Samples must therefore be 
cut firom definite positions if one specimen is to be 
compared with another. Notice whether the sample 
is cut parallel with, or across the direction of rolling. 
Do not cut a sample near a distorted part with an 
abnormal grain. 

An American hack saw may be used for cutting 
soft alloys and unhardened steel. White cast iron 
and hard brittle alloys are best split with a blow from 
a hammer. It does not matter much how irregular 
the piece is^ since only one surface is required for 
examination. 

95 
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§ 40. Piling and Rough Polishing 

The next step is to fasten the specimen in a 
suitable vice. File one side with a ^' rough " file, then 
with a ^'smooth" file^ and finally with a ^^dead 
smooth'' file. The marks from each file should be 
across those made by the preceding file, and also 
obliterate them. 

The filing is followed by a series of polishings 
with emery papers of increasing fineness. Start with 
"No. 1," and finish off with "No. 0," "No. 00," and 
"No. 000." The emery paper may be fixed upon 
wooden discs or blocks with hot glue. Each set of 
scratches should obliterate and run across those made 
by the preceding set Be careful to keep the polished 
surface as fiat as possible. 

This operation is rather important on account of 
its influence upon subsequent work. The metal should 
now have a distinct polish, and the scratches be only 
faintly visible. 

§ 41. Fine Polishing 

The discs or beds used for fine polishing must be 
sufficiently yielding to come in contact with the whole 
surface, and not press hard enough to grind out the 
softer constituents and leave the harder constituents 
too much in relief. A flat disc of wood, metal, glass, 
or ebonite covered with a layer of cloth, velvet, or 
chamois leather gives good results. 

A little diamantine powder may be rubbed on the 
covering of the disc, and the disc kept moist with 
water. The specimen is pressed upon the bed and 
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oonstently torndd so as to ityoid the formation of 
foiTows.^ Examine the specimen from time to time 
in a good lights and when all the scratches are 
temoTedi polish the specimen on a diamois leather 
bed upon which fine gold rouge has be^i rubbed. 

The polishing materials, beds, etc, should be 
critically examined to make sure that they will not 
sciatch a polished surface. Preserve all polishing 
materiab in a place protected from dust 

Instead of diamantine and rouge, some use a paste 
made of ^* one day " alumina powd^ and Castile 80iq[>. 

Pbeparation ot Poushino Powdeb. — ^The powder oan be pur- 
diaeed from the dealers, or made in the foUowing maimer :— 

Oaksilied ammonia alum is treated with water acidified with nitrie 
acid (one part of add to 1000 ca of water) for a few homm with 
occasional stirring. Use about 10 grams of powder for eyery litre of 
water. Decant off the dear. Treat with distiUed w:ater In a similar 
manner, and repeat until aU the acid is remored and the settling 
takes place slowlj. Now add 2 cc. of aqueous ammonia per litre of 
water, and let settle. Decant off with a syph<m at stated intervals, 
namely, 15 min. ; 1 hr. ; 4 hrs. ; 24 hrs. ; 8 days. 

Hie deposit remaining after the first decantation contains aU the 
ooaoe grains not suitable fcnr polishing. The deposit after the second 
decantation is not yery homogeneous, but it is useful for coarse 
polishing. The deposit remaining after the liquid has stood four 
hours can be used for hard metal, like iron. The one and eight day 
deposits make the best polishing powders. 

Shaye dry OastUe soap with a dean knife into powder. Add one 
part of dry soap to ten parts of wet powder. Melt on a water bath. 
Let cod with constant stirring until the mass thickens. Pour into 
leaden tubes like those used for keeping oil paints. The tubes may 
be closed up when cooL 

§ 42« Polishing in Relief 
If the prepared surface be quite level and of a 

^ Special madunes are <m the market which do this work auto- 
matically. 

H 
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uniform tinty it would not be possible to distingnisk 
one constituent from another. All yarieties of iron 
and steel would i^pear to be identical In ord^ to 
distinguish one constituent from another it is necessary 
to treat the polished surface with some medium which 
will dissolye certain constituents and leave others 
untouched. Such a medium is called an etching fluid, 
and the surface, after treatment with etching fluid, 
is said to be etched. 

Usually the softer constituents are more worn than 
the harder constituents. Hence the surface is a little 
uneven. This is called polishing in relief. It is 
sometimes possible to see the structure of such a 
surface when it is examined in a convenient position 
without any further treatment. For relief polishing 
use a bed of indiarubber, free from grit, glued upon a 
wooden block. 

There is another point to be noticed. The opera- 
tions of polishing produce a thin film on the surface 
which is essentially different flrom the body lying 
underneath. For instance, the surface of polished 
speculum metal presents the appearance of Fig. 62, 
but when the surface film is removed by washing it 
with a solution of potassium cyanide, the true structure 
of the metal appears as shown in Fig. 63.^ 

§43. Etching 

Etching on a surface which has been touched with 
the fingers or any other greasy surface is misleading, 
because the surface is more or less protected from the 
etching fluid. To clean an oily or greasy surface, 

> G. T. BeUbj, Th» Eledrochemiit and MetaUwrgiU, Z. 827, 1904. 



Fw. 62.— PolUhed Speonlam Metal. (G. T. Beilby.) 



Fio. 63.— Etched Surfaoo of Specnlum Metal. (G. T. Beilby.) 
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wash it in alcohol or ether^ and dry. If the surfiaoe 
is clean no '^rim " will be discernible when a drop of 
ether is allowed to evaporate on the surface. 

Different workers prefer different etching fluids. 
Tincture of iodine, and dilute nitric acid are most 
frequently used. 

J. Iodine. — Osmond employs tincture of iodine of 
two different strengths. The first contains 

Iodine 1*25 gnnf. 

Potaannm iodide . 1*25 grms. 

Water I*25gnii0. 

Aioohol to make up to 100 co. 

The second solution is made by diluting 25 c.c. of 
this up to 100 e.c. with alcohol. The stronger solution 
is used for mild steels, the more dilute solution for 
hard steels. 

To apply the solution proceed as follows. Bub the 
solution oyer the polished specimen with the tip of 
the finger, or with a camel's-hair brush, and stop the 
etching when the brilliancy of the polished surface 
disappears, and the surface appears dull and grey. 
By rubbing the polished specimen in this manner, the 
etching is more uniform, and the constituents not 
acted upon by the etching fluid remain bright. Wash 
the specimen in alcohol, and finally dry in a blast of 
hot air, from, say, a Fletcher's hot-blast blowpipe. 

If this treatment has not been sufficient to develop 
the structure^ repeat the operation. Several mild 
etchings are better than one severe process. The 
etching which results from a prolonged exposure to 
the etching fluid often depends not so much upon the 
structure as upon mechanical imperfections of the 
surface, and other external causes. The lines of 
demarcation between the different constituents are 
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frequently indistinct and blurred. If on OTaminatian 
the etohing is too deep, it will be necesnry to repolidi 
the sorfiEtoe. Deep etching m frequently misleading. 

n. Niirie AM. — Sorby used dilute nitric as an 
etohing fluid. This is generally recognized as one of 
the best agents for steels containing but little phos- 
ph(Nm8 or arsenic. The strength may be^ 

Nitiio acid (sp. gr. 1*42) .... 10 grms. 
Water up to 100 oa 

Hold the specimen by means of a pair of crucible 
tongs, and immerse in the acid for about ten seconds. 
Wash in running water, then immerse in lime-water, 
then in water again, then in alc(diol, and finally dry 
with hot air. 

A. Sauveur ^ adds : *^ The unreliableness and short- 
comings of the usual treatment with dilute nitric acid 
are overcome by dipping the specimen in conc^itrated 
nitric acid (sp. gr. 1*42), which, on account of passivity, 
has little or no action on the polished surface. The 
specimen is then placed under an abundant sixeam of 
rmming wi^r, and the acid is quickly and completely 
washed ofL As soon as the layer of concenta»ted acid 
which carer, the mirfiu» is dilated by the nuuuBg 
water, it attacks the steel, at first vigorously, but for 
such a shcnrt time (since the water soon removes all 
traces of acid) that there is no danger of etdbdng too 
deeply. This develops the structure cleurly and 
sharply, the etdiing being of a uniform intensity all 
ov^ the surface, and free from tiie objectionalde 
coloured film, and from the unlike appearance of 
different parts of the fidld caused by local actions ef 

* ▲. Saaveur, MMionrajikUt, 8. 231, 1900. 
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yarying intensity, which are so troublesome and mis- 
leading in etchings with dilate acid. It is sometimes 
necessary to repeat the treatment in order to deyelop 
structure to a proper depth, but more than two im- 
mersions are seldom required. The specimen is 
washed in water, alcohol, and quickly dried with a 
soft cloth, or under a hot jet of air." 

An altematiye ^ way of conducting the etch with 
nitric acid is to employ the solution — 

Nitric aoid (ip. gr. 1*42) 1 grm. 

Abeolate alcohol 99gmis. 

Arnold^ treats a specimen with nitric acid (sp. gr. 
1*20) immediately after leaying the No^ 00 emery 
pad until bubbles of gas make their appekw^:(alK>ut 
one minute). The scratches are neaily all.i^moyed^ 
and the slaructure is well enough defined: .fc^ most 
commercif^ purposes. The preparation of a piece of 
steel for microscopic examination by this method only 
takes about five minutes. 

TIL Pierie Acid.^k fayourite etching fluid is 
prepared ftom — 

Picric acid 5grmB. 

Abfldnte alcohol 95 grnui. 

as recommended by Igevsky. It l»ings out the cell 
walls very distinctly. It does not colour ferrite. 

IV. Eydrochlaric Add. — ^A solution is prepared by 
passing drjr hydrochloric acid hydrogen chloride into 
absolute alcohol until the solution contains about 10 



> F. W. Spfller, MOaOo^t^jihiki^ 6. 264, 1908, repUoM ih« alcohol 
by glycerine. 

* J. O. Arnold, Naiwn^ 6a. 618, 1901. 
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per cent of > aci<L Then add one to 5 per cent, of 
anhydrous cupric chlorida Use solutions containing 
the least amount of cupric chloride for hard steels. 
Let one or two drops of this solution fiedl on each 
square centimetre of surface, and let the attack con- 
tinue until the surfSace is covered with a light grey 
film. Wash and dry as before. 

Other acids may be used — sulphuric, oxalic> 
chromic (Abel) — ^but all are inferior to nitric and 
picric acids. 

F. Meetrocihemieal Attack— Yery good results haye 
been obtained by immersing the metal in a 10 per 
cent, solution of ammonium chloride, potassium sul- 
phatOy or ^^n sodium thiosulphate, while it is con- 
nect^H jfi^ ^e positive pole of a bichromate cell, the 
negative ' pole* . consisting of a piece of platinum 
'. f^il,'i€iad loilr or thin sheet iron. The current used 
varies firom 0*001 to 0*01 ampere per sq. cm of 
surface. The current should last a few minutes. 

§ 44. Osmond's Polish Attack 
Osmond recommends a lubricating solution of — 

Oryit. ammoninmnitiate .... 2gnii0. 
Water . lOOgrms. 

in place of water in the last stage of the polishing with 
a parchment pad and rouge. The ammonium nitrate 
does not alone act upon the metal, but chemical action 
is induced by rubbing and friction. 

An aqueous infusion of liquorice root was formerly 
used, but this has been abandoned in favour of 
ammonium nitrate.^ 

^ F. Omond and eT. Cartaud, MetaUograpkiii, 8, 1, 1900. 
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Ferrite and cementite are not coloured by iodine ; 
the lemaining four constituents — sorbite^ troostite^ 
martensitei and austenite — are coloured. The in- 
tensity of coloration depends upon the amount of 
carbon present. Sorbite is coloured first, troostite 
next, and martensite and austenite last. 

Ferrite, cementite^ martensite, and austenite are 
not coloured by the polish attack. Martensite takes 
a yellowish tint. Maortensite differs from pearlite in 
the fact that the martensite needles intersect ; pearlite 
laminse do not intersect. Troostite is always acoom« 
panied by martensite, sorbite by pearlite. Ferrite and 
cementite differ in their unequal degree of hardness 
under the polish attack. 

PBOPERTIES OF CONSTITUENTS. 



ComtifciMDt 


FdiBh attack. 


Iodine. 


mtrloadd. 


Remarks. 


Ferrite 


Grannlur 


Colourless 


Polygonal 
structure 


Softer than other con* 
stituents ; coloured 
by nitric acid, while 
cementite is not. 


Cementite 


Nil 


White 


No action in 
40 sec with 
20% acid 


Harder than other 
constituents ; not 
coloured by nitric 
acid, while ferrite is. 










Martensite 


Intersecting 


Coloured 


YeUowish 


Unlike pearlite, has 




needles ftp- 


slowly 




straight intersecting 


PeitrUte 


Carved 
lamelltt 


Dark 


Dark 


fibres. 

Unlike martensite, 
fibres are curved and 
never intersecting. 


Troogtite 


Yellow 


Coloured 


Dark yellow 


Accompanies marten- 




brown to 


faster than 




site, and is coloured 




bine bands 


martensite 




more slowly than 
sorbite. 


Sorbite 


Coloored 


Coloured 
faster than 
troostite 


Dark 


Accompanies pearlite, 
and is coloured more 
quickly than troostite. 

Martensite goes yel- 
low, brown, and black 


Aastentite 


Nil 


Coloured 


Lighter yel- 








low than 








martensite 


when treated by elec- 
trochemical attack. 
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f 45* Heat Tinting 

By heating polished sections of any metal, the 
yarions constituents are diflfbrently coloured. The 
colonring depends upon the formation of films of 
oxides which haye different colours. The colours are 
formed at different rates on the different constituents 
of the metaL This method of studying the constitu- 
tion of alloys has been used with success by Martens, 
Behrens, Osmond, and Stead. 

The polished specimen is well rubbed with a piece 
of clean lin^i or chamois leather, warmed to about 
120^, and again well rubbed. The heating is done on 
an iron plate about six inches square, heated oyer a 
Bunsen burner. Experience will show how much 
heating is required to colour the specimen. The 
heating is best done gradually. Cool the tinted 
specimen in a dish of mercury to preyent oxidation 
during cooling. 

Stead used the process in his work on the phos- 
phatic steels.^ By heating a phosphatic steel until 
the pearlite is blue, the cementite will be red and the 
phosphide yellow. Experience shows that it is best 
to etch the specimen with iodine before heat tinting, 
so as to darken the pearlite, and after wiping with a 
chamois leather or linen rag, heat until the pearlite is 
dark. 



§46. Mounting 
The specimen may be mounted on a ground-glass 

* J. B. Stead, /oum. lr(m and BUd Jfii<.,5S. U. 60, 1900; JfefoOo- 
gnufiM^ 4. 89, 199, m 1901. 
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plate imbedded in a piece of beeswax or a piece of 
plasticene ; or^ better stilly use a ^^ mechanical holder." 
Sorby tised to make his specimens about 1 sq. cm. 
and 2 mm. thick. Fix a flat surface on a small glass 
I^te bj warming a small fragment of hjtrA Canada 
balsam on the glass plate while the latter rests on a 
warm iron plate. Then remoye the glass plate from, 
the iron plate, and pres& the specimen upon the 
balsam until it has set hard. The exposed surface can 
then be polished with emery paper^ etc. 



§ 47. Presenration of Polished Specimens 

Some preserve polished surfaces from rust by 
immersion in oil; others cover the surface with a 
solution of paraffin wax in benzena To remove the 
wax> wipe the surfetce with a clean rag moistened in 
benzene^ and finally rub it with a dry lin^i rag. 

Le Chatelier recommends the use of a varnish 
made by dissolving gun-cotton in amyl acetate. The 
coating of varnish is transparent, and it will allow the 
specimen to be examined with the high powers. The 
protective film lasts many months. 

The specimens may be stored in pill-boxes or other 
convenient receptacle, suitably labelled; the label 
should contain a full history of the specimen, mode of 
treatment, etching fluid, and date. 



§ 48. The Microscope and its Accessories 

The microscope selected is decided very much by 
the available cash. The best thing is to consult the 
dealers' catalogues. The price of the outfit will range 
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firom £16 apwaick The student is also advised to 
buy a small handbook on microscopic manipulation. 

The specimen to be examined by the microscope 
is opaqne, and it is necessary to illuminate the sutSeu^ 
before it can be examined in a satisfieu^tory manner. 
Two methods of illumination are used : — 

J. Oblijue IlluminaHan. — Ohiefly used for the low 
powers. Here the light L (Fig. 64) is reflected on to 
the sur&ce 8 from the reflecting shield JB, which partly 
surrounds the objectiye 0. The path of a ray of light 
travels in the direction of the arrows and the dotted 
line^ up through the eyepiece. 

II. VertiecU lUuminaticn. — Chiefly used for the 
high powers. The light L (Fig. 65) is admitted 





through the aperture A at the side of the object glass, 
and is reflected downwards on to the specimen 8y from 
the reflecting surface at JR. The light then passes 
through the prism to the eyepiece. An iris diaphragm 
is fixed at the aperture ii,so as to regulate the amount 
of light admitted to the specimen. The dealers' 
catalogues will furnish full particulars. 

It is necessary to have command of a brilliant 
light, say an arc lamp, an incandescent lamp. 



a 



§ so MICROSCOPIC EXAMINATION 107 

Welsbach, or an acetylene light. A Nemst lamp is 
frequently recommended very strongly. A boirs-eye 
condenser should be placed between the reflector and 
the source of lights so as to concentrate the rays. 



§ 49. Photography 

Here, again, the dealers' catalogue must be con- 
sulted. The price of a camera ranges from 25«. 
upwards. You must also consult some handbook on 
the subject of microphotography — say, W. Bagshaw's 
Elementary Microphotography (London, 1902, Is.). 



§ 50. Miscellaneous 

Bisdale considers the following is a fair approxi- 
mate allowance for the successive operations required 
in preparing a microphotograph of the structure of a 
giyen metal — 

Sawing off the seotum From ItoSmin. 

Grinding and poliahing „ 19»>80 ,, 

Polish examination „ 2^ 8 ,, 

Etching and washing ^ 8 ,, 5 ^ 

Examination and photography . . ^ 7 ^ 10 „ 

Deyeloping, fixing, rinsing, and drying negatiye „ 15 „ 15 „ 

Printing „ 2„ 2 „ 

DeToloping, fixing, and rinsing print . „ 15 „ 20 „ 



Total Itolihrs. 

The following are a few useful papers and books on 
this subject : — 

0. H. Bisdale, Jbuni. Inm and 8Ud Ind,, 66. ii. 102, 1889. 
J. B. Stead, MetaXiograpkitit^ 8. 220, 1900. 
H. le ChateUer, {bid,, i. 1, 1901. 
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M. A. BlohMd^ MdaJUtgrajikUt, a 71« 190a. 
J. Back* OM^ 6. 820, 1908. 
H. 0. Oupenter, Teekniu^ 1. 489, 1904. 
A. H. ffiorni, Aid., 1. 19, 1904; MdaOcqraphy^ Londom, 1902. 
F. OuMttd, Ubtatto^rafkUi, L 5, 1898; Miartmofie AmtOfHi c/ 
M0iaU, Londoii, 1904 (J. £. Stead's tnuulatkHi). 

The following list has been prepared by W. Watson 
A Sons, 313» High Holbom, London, W.C. It gives 
a rongh outline of the necessary items on which an 
outfit can be formulated — 

PrepaHmg and PoHMug MaMne$ : BCaoy of tba parts 
of machine! for preparing and poUshing are to be found 
in eyerj worksliq), but all the oontrivanoes are made to 
work idth foot or hand, aa well aa bj power — £ $, d, 

Hadk aaw (fimnd in all woriahopa). 
Bet of files and vioe (found in eyery woltkahcip), 
Powe]>-driTen polishing machine nitii antomatio head 5 10 
A madiine similar to this, foe foot power, eosts . . 8 10 
Where a quantity of work is to be undertaken, a 
machine with three automatic heads, and five 
tables, power driven, can be purchased for . . 14 15 
In addition, a set of suitable polidiing materials is 
essentiaL These are usuaUy put up in smaU 
boxes, consisting of two or three grades of emery- 
paper, together with wash-leather yellum, etc., for 
polishing. A set of these usually costs . . • 10 

The Mtcroseope Outfit: The microscope outfit should 
consist of— 

Microscope stand, with vertical iUuminator and a 

ooTCiing stage, which may vary in price from . . 18 10 

to 

30 
In addition, a good form of metal-holder, which permits 
of small sections of metal being gripped and set 
at any desired plane from the objective, will be 
found a necessity . . . .14 

The objectives that are regularly used are the 1", I", 
and ^". These vary very considerably in cost. 
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/Hie ao-eallad Stodent'i lenses are nsnailj eon- 

sidled saffioieDtfor the purpose, and cost — £ t. d. 

1" ... 1 « 

r • • • 1 10 
A" ... 5 00 

Where, however, expense is not of importanoe, and 
the host possible is desired, Zeiss Apoohrotnatio 
ohjeotiTes riioold be jHrooored, and the set that 
wonld be reoommended then wonld be— 

1" . . . 6 

J" • . • » 

rCdry) . 15 

A" (oil ImmerBion) . 15 

All objeotiTes, excepting only the 1", should be 
ordered to be oorreoted for use on unooyered objects 
for metallurgical work. 

With the Student's lenses, ordinary Huyghenian eye- 
pieces are suitable, and cost, each . • . 10 6 

But with the Zeiss Apochromatio objectifes it is abso- 
lutely essential that compensating eyepieces be 
employed, and the cost of these would be — 

X 4 . . . 1 5 

X8 . . . 1 15 
Xl2 . . . 1 10 

It will also be found necessary to haye some form 
of object changer, and for metallurgical work it 
has generally been found that those by Zeiss are 
the most convenient A holder is attached to the 
nosepiece of the microscope, and a suitable fitting 
is provided for each objective. The slider and 
changers cost, each 10 

A new form of objective changer called the ^ Facility," 
has been introduced by W. Watson & Sons. It 
is equally convenient and costs . . • 1 13 

To illuminate specimens, the vertical illuminator, 
which is provided with the microscope, is neces- 
sary f<nr medium and high power work. For 
low powers, the illumination should be by means 
of a side silver reflector, the light being con- 
densed upon it by means of a bull's-eye, which latter 
will also be applicable when using the vertical 
illuminator. The cost of the reflector, with a Sorby 
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prim* whieli allowi of oblique lUilminAtioii, £ «. 4. 

would be 1 15 O 

A plain fatm of boll'a-eje, with Irii diaplmgni, ootts 1 10 
The npiditj with whioh work omi be done can be 

greatly inereaied by using a bnll'i-eye with 

meohanioal a^jmtmenta, thia coata .400 

Tk» Photographie (hn^: Many workers {nrefer to 
pholograi^ metallnrgieal specimens in the Tertical poai- 
tkm only, while othera adyocate the horizontal poaitkm 
as the best 

There aie oameraa made which can be used in both 
the rertical and horiiontal positions, and the cost 
of such a one ia 7 15 

A fiiBt-dass camera for i^se in the horiiontal poei- 

tion only, wonld cost 11 10 

A prqjection eyepiece is also necessary for photo- 
graphing, and costs 2 

A (boosslBg glass for examining the speoimea on the 

groond^lass screen, costs about 8 
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APPENDIX 



Glossary 

Thb following glossary of terms is based upon the Report 
on the Nomenclature of Metallography^ drawn up in September, 
1901,1 by the Iron and Steel Institute. The French (P.) 
and German (G.) equivalents are usually given. 

Aci, Aca, Acg. (The "c" comes from the French 
chauffant = heating.) Critical points in heating curve 
of iron and steel. 

Acicular {acm &= needle). Needle-like. Applied to 
needle-like crystals found in cavities in ferromanga- 
nese, basic slags, etc. ; and not to needle-like structures 
observed in sections of metals and alloys. (G. nadUg; 
F. adcfdaire.) 

Air pits. Term applied by Ewing and Bosenhain to 
microscopic air bubbles wnich tmpear on the surface of 
certain metals cast on glass. (G. Luftgriibchen.) 

AUotriomorphic (dXAor/xos = strange ; /Aop<^ = form). 
A term applied to cnrstals which have taken their shape 
from their surroundings. (G. dllotriomorph ; F. aUO' 
triomorphe.) 

AUotropy (SXKo^ = other ; rphrtw = to turn). A term 
appU^ to an element wluch exists in two or more 
forms having different physical properties at the same 
temperature. The term is not applied to differences 
in the state of aggregation of an element. (G. Allo^ 
tropie; ¥. allotropte.) 

^ Joum. Iran and BUd Intt^ 61. i. 90, 1902 ; MetdOographUt, 5. 
145, 1902. 

Ill 
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Alloy (Old Eng«). A metallic alloj is an intimate mixture 
or nnion of metallic substanoes which do not separate 
into two distinct liquid layers on melting. (O. 
Legimvng ; F. dfUage mkaUtque.) 

Alpha iron, or a-iron. The normal and stable condition 
of iron below 750^ 0* Orystallizes in the cubic system. 
Is soft and magnetic. (G. Alpha-^en ; V.fer alpha.) 

Amorphous (a ae without ; fLop<^ = form). Non-crystal- 
lized. (G. amorph ; P. amorphe.) 

Aphanitic (d^^on^s » invisible). A texture on which the 
component grains are so minute as only to become 
Tisible under the microscope. (G. aphanitisch; F. 
t^hanitigue.) 

Afi, Afa, Ar,. (The " r ** comes from the French refroOk- 
sant s= cooling.) Critical points in the cooling curve 
of iron and steel. 

Arborescent (arbor^seere = to become a treeV Tree- 
like. (G. tann^baun^ormig ; F. arhorescmt) 

Austenite (in honour of W. G. Soberts-Austen). A con- 
stituent of steel. Produced when iron containing more 
than 1*5 per cent, of carbon is suddenly quenched in 
cold water from 1100^ C. It is softer and less mag- 
netic than the martensite with which it is always 
associated. A needle drawn across a polished surface 
scratches austenite more deeply than martensite. 
Under Osmond's polish attack with ammonium nitrate, 
austenite remains white ; martensite turns brown, with 
fibres having zigzag appearance. Jiiptner von Jonstorff 
considers austenite to be a solution of atomic carbon 
or ionized iron carbide in iron. (G. Awimit ; P. 
ausUmto.) 

BaciUar (fiadlUm = little rod). Bod-shaped. (G. 9t&h 
chmfdrmig ; P. baeiUaire,) 

Beta iron, or |3-iron. An alloinropic form of iron stable 
between 860^ and 700^ 0. Isomorphous with alpha 
iron. Is luurd and non-magnetic. (G. Beta^m; P. 
fer bita.) 

Blowholes. Small cavities—spherical or ellipsoidal — 
found in ingots of cast metals. They are due to 
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iMibbleft of gas which have not been aUe to escape 
before the metal became completely solicL (G. Blasm' 
hoMrdume^ EUtsm ; F. soujfflures.) 

Brittleness (Old Ei^.). Property of being more or 
less easily broken, ^nsed by want of cohesion between 
cleavage planes of crystal grains or their joints* (G. 
BrilchigJceit ; F.fragiUU^) 

Burned (^Old Ei^.). Applied to a metal which is 
brittle m conseqnence of a chemical alteration of its 
mass dne to excessive heating. The sp. gr« of bamt 
steel is less than the original metal, becanse the 
evolution of gas in the solid metal has separated some 
of the crystal grains one from the other. The carbon 
is generally low near the external surface. Oxide of 
iron may be often detected on the surface of the grains. 
Steel may be burnt by heating in an inert atmosphere.. 
Oxidation is then impossible. Burnt steel is generally 
— ^not always — coarsely granular and easily fractored. 
(G. verbrannt; F. bruU^ 

Cancellated (cancdlare s= to make a lattice). Latticed ; 
that is, crossed by two series of parallel lines. (Q. 
gitterformig ; F^formi en tmllis.) 

Capillary (capUlus s a hair). A hairlike structure. 

Carbon (earbo = coal). Several varieties of this element 
occur in iron and steel. 

1. Carbide carboUf or comUned carbon. The condition 
in which carbon occurs in cementite. Jtiptner von 
Jonstorff distinguishes three varieties of combine 
carbon, di-, tri-, and tetra-carbon. . (G. CarbidekoMe; 
F. carbon du carbwe.) 

2. Annealing or temper carbon. Finely divided 
carbon having the properties of graphite which 
separates from white cast iron and certain steels on 
prolonged annealing, and, according to Ledebur, from 
high carbon steel when it is raised to a red heat by 
ramd hammering. *^ Temper'' in German has a 
different meaning to the English word ** temper.'' 
" Annealing " is the best term to use. (G. TemperkohU ; 
F. carbo^h de recuU.) 

3. Oraphitic carbon. The carbon which separates 

I 
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from highlj carbnrixed molten iron doring solidification. 
(0. OrafhiU ; F. graphiU,) 

4. Mining carbon. Tbiat carbon in hardened and 
tempered steels which does not give a coloration when 
steel is dissolved in nitric acid of sp. gr. 1*20. 

5* Hardening carbon. The concution of carbon 
which confers hardness to steel when quenched from 
above Ar^. It is said to be combined carbon* (Q> 
Hdrhmgskohlmstoff ; F. carbon de trempe,) 

Cellular (celltda s a little cell.) Containing irregular 
spheroidal or ellipsoidal cavities. Applied to net-like 
or a meshed stractnre. (Q. zMig ; F. celltdaire,) 

Cementite« A name given by H. M. Howe to the iron 
carbide which, according to the works of Abel, Miiller, 
and Osmond, has the formula Fe,0. The term is used 
in a general way for all the carbides which exist in 
cast iron and steel, whether these carbides contain 
manganese chromium, etc. Gementite exists in 
granules, thin plates, or in comparatively hard masses. 
Its hardness on Mohs* scale is 6. Is not coloured by 
polishing or etching with dilute nitric acid, iodine 
solution, hvdrogen chloride, or alcohol, etc. The 
cementite wnich is a constituent of pearlite, has been 
called ^* s^regated " cementite ^Sauveur) ; the cementite 
which occurs independently is then called ^^free** 
cementite. It is, perhaps, better to call the former 
^^pearlite-cementite," the latter ^* excess cementite." 
(G. Cemmtit ; F. cimentiU.) 

Cleavage (Old Eng.). The property possessed by 
crystals and crystal trains of splitting more readily in 
certain directions than in others. These directions 
are called cleavage planes. The cleavage planes are 
not necessarily related to the external faces of the 
crystals. (G. Spaltbarkeit ; F. clivage.) 

Cohesion (coJmrerB - to stick). The force of attraction 
bv which particles are held together. (G. Kohdsion; 
I\ cohikon.) 

Cold-short. Gold-short steel is steel which is weak and 
brittle when cold. (G. kaltbruchig ; F. cassant i froid.) 

Conchoidal {kAyxh ^ shell, ccSos cs form). Shaped like 
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a shell. Applied to the concave and conyex fractures 
of some altoys of zinc and copper, tin and copper, 
: glassy slags, etc. (G. mu»Mig ; £*. eonchotdal.) 

^ Congealed solution. A homoeeneons solution after 

solidification, irrespective of whether the constituents 

^ of the solution in the latter state form a mixture or a 

^ solid solution in the true sense of the word. Do not 

confuse with solid solution, q.v. (0. errstarrte Losung ; 

F. solution cmgiUe.) 

Constituent (constUuere = to constitute^. The structural 

Srts of which alloys and metallic suDstances are built, 
loys containing only two or more elements or com- 
Sments may have three or more constituents. (G. 
estandtheile^ OefilgebestandtheUe^ Oefiigebildner ; F. 
comtUuant) 

Cooling curve. A graphic representation of the thermal 
chimges which occur when liquid or solid substances 
cool from a higher to a lower temperature, and in 
which time and temperature are co-orainates. Cooling 
curves may be represented in several ways : — 

1. Take temperature, 0, and time, ^, reckoned from 
the commencement of cooling, as co-ordinates. 

2. Take temperature, 0, and the time required for 
cooling down from that temperature through a definite 
number of degrees, as co-orcunates. 

3. Take temperature, 0, and the difference between 
the time required for the cooling of the metal under 
investigation, and the time necessary for cooling some 

^ other metal (say, platinum), as co-ordinates. These 

are sometimes called differential cooling curves. (G. 
AbhvMungshurvey Kiihivnghurve ; F. cowrie de refroi- 
dissement) 

Critical points. The points at which a physical or 
chemioJ change takes place. For instance, in the 
cooling of pure iron or steel from 900® C. an evolution 
of heat occurs at the points designated Ars and Ara. 
This indicates that a physical change occurs at these 
temperatures. If the change occurs not at one fixed 
point, but extends over several degrees, the interval is 
csJled a zone. (Q. kritische PunUe^ Halt^unkte; F. 
points critiques.) 
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Cryptociystalliiie (nywrm = hidden). When the 
cryBtaDine form <» a sahstttioe is so fine Uiat only 
tztoes of the cxTBtalline Btructaie osn be d^iected, even 
mider the microeoope. 

Crystal ([jumcrroAXos s crystal, ioe). This t^m, as dis- 
tingdsned from mere geometrical solids, is the 
inyarialHlity of the angles bdiween corresponding faces 
in different individoa^ of the same substance. The 
term is sometimes used for partides of crystals, allo- 
tricmiorphic crystals, psendWorphic dystals, and 
ciystallites. (G. Kry$UM ; F. criital.) 

Crjratal grain. An idlotriomor^iic crystal, or a frag- 
ment of crystal devoid of its crystal faces and angles. 
(G. KrystaUtom ; F. grain eridaUin.) 

Crystalline. In crystallography the term refers to the 
physical properties cd crystallized ihstter, and is 
applied to any body, or portion of a body, which 
possesses these jHX>perties, widiont regard to the 
external form. la petrology the same word r^ers to 
mineral aggregates whidi consist of crystallised sub- 
stances, wn^her in ihe form of perfect crystals, or 
merdy as mins possesring the physical properties of 
crystals. (G. krysialUn ; F. eryBtmlin.) 

Crystallite. A word nsed with several different mean* 
ings. For example, it is nsed for all indefinitely 
crystalline or incipient forms of individualization of 
mmerals ; imperfect crystals in which the plane faces 
and angles are not developed ; and for the crystal 
elements which build up the (uystaL (G. Kry^tallit; 
F. cristalttte.) 

Crystallized. Befers to any substance, whatever the 
external form, which has been produced by a process 
of crystallisation, and which possesses the pnysical 

>roperties of crystallized matter. (G. hrysicAUsirt ; 

^. eristallisi.) 

Cuboidal. Cube-shaped. Applied to crystals which 
appear to have the form of a cube in certain micro- 
sections of alloys. (G. wiirfelfdrmig ; F. apeupris de 
la forme cTun cube.) 

Cuneiform or Cuneate (ctmem = a wedge). Wedge- 
shaped (G. teUfdrmig ; F. cunHforme.) 
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Cuspidate (cuspia =s a point). Spear-ehaped ; tapering 
abruptly. (G. speerformig ; P. termini en pointed 

Dendritic (Sci^Sposasa tree). Tree-like. See •'Arbor- 
escent." (Q. dendritiechj verdstelt ; F. dendriiique.) 

Druse (dnme = bonny — Ger.). A cavity having its 
interior snrfaoe studded with crystals. (G. Druse; 
P. giode.) 

Ductility (ducere = to lead). The property of metals to 
elongate and bend. ''Those metals and alloys in 
which sliding can take place along the cleavage planes 
without separation occurring.'* (Q. dehnbarieit; F. 
dticHliti.) 

Elastic limit. The maximum stress a substance will 
bear without sufiFering permanent deformation, dis- 
tortion, or fracture. Usually expressed in tons per 
square inch, or in kilograms per square millimetre. 
(G. Mastieitdtsgreme ; F. limU a*elasticM.) 

Elasticity (iXaw€iv = to drive). The property of a 
substance in virtue of which it tends to recover its 
size and shape after distortion* (G. ElaeticUdt; F. 
elasUcUi.) 

Elasticity, Modulus of. If a rod or wire of length I 
be stretched until it becomes 2+1, then y is the ex- 
tension per unit of length ; and if the force causing 
the extension be/ units, and a units be the sectional 
area of the rod or wire, then the force or stress per 

unit of cross-section will be ^. Then Toung's 
modulus is defined as — 

Young's modulus = ^^^ " I = a 

r 

In iron and steel Young's modulus is about 13,000 tons 
per square incL In othw words, a stress of one ton 
per square inch will produce an extension of tt^tt^^ 
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of the original length. (O. Elastidt&tsnwdtd ; F. co- 
effieimt cCelastkite,) ^ 

Embrittling. A term need by Howe for those elements 
which produce brittleness when added to steeL 

Equilibrium curve. A curve showing the relation be- 
tween temperature and composition, temperature and 
pressure, pressure and volume, etc., of any system. 
For alloys an equilibrium curve shows the relation 
between the temperature and composition of an 
heterogeneous system, in which the phases |)resent are 
in equ&ibrium with each other. An approximation to 
the curve can be obtained by plotting a set of cooling 
curves ; but in order to obtain a true equilibrium curve 
in this way it would be necessary for the equilibrium 
curve to be indefinitely slow. (G. OUkhgewichtslcwrve ; 
F. cowhe cTeqtUUbre.) 

Etching (aetzen = to corrode— Ger.) In order to 
develop the constitutional and crystalline structure of 
metals and alloys, the polished surfaces are subjected 
to the action of suitable reagents — ^nitric acid, iodine, 
sulphuric acid, hydrochloric acid, etc. This action is 
termed etdung. (G. Aetssen ; F. attaque chimique.) 

Etching figures. Figures, generally hollowed-out pits, 
obtained by suitably etching crystalline surfaces, 

¥)lished surfaces, or the surfaces of cleft crystals, 
hey have a close connection with the orientation of 
the surfaces of the crystals. If the crystals are 
equivalent in form and orientation, the figures will be 
uniform ; if not, the figures will be different. Etching 
figures are very useful for deciphering the crystalline 
structure of a ** crystalline body.'' In amorphous 
bodies there are no etching figures. Very often their 
size and form depends upon the duration of the 
etching process, and on the etching medium employed ; 
hence etching figures are not considered to be identical 
with the crystal elements which build up the crystaL 
(G. Aetzfigvrm ; F. contours cF attaque.) 

Eutectic alloy (cvn/icTw = easily melted or liquefied). 
A term used by Guthrie, in 1875, to indicate that 
mixture of two substances which has a lower melting- 
point than any other mixture of the same constituents. 
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All entectics haye a lower melting-point than that of 
the mean of their oonstitnents. Entectic alloys have 
usually one of three different structures — "curved 
plates," "flat plates," and honeycombed or cellular. 
As a rule, after polishing and etching, entectics have a 
mother-of-pearl or opal appearance when viewed by 
oblique illumination. Many entectics take on crys- 
talline forms during solidification. (G. eiUektisch; F. 
eutectiqm.) 

Eutectic point. The common point of intersection of 
two inclined branches, and an approzimateljr horizontal 
line in the freezing-point curves. The horizontal line 
is called the eutectic line. The alloy which has the 
composition corresponding with the eutectic point is 
called an eutectic allot/; hetoie solidification, a eutectic 
solution; after solidification, a eutectic mixture; the 
temperature at which Uie eutectic Moj solidifies is 
called the eutectic temperature. (G, eutektischer Punht; 
F.pointe eutectique.) 

Face. A bounding plane surface of a crystal. 

Fatigue (fatigare = to fatigue). When a metal is strained 
just beyond the elastic limit it n^ recover its original 
form on standing some time. Tne metal is then said 
to be fatigued. (G. elastische Nachwirhung ; F. 
fatigue,) 

Ferrite (ferrum = iron). Term proposed by H. M. Howe 
. for iron. The term is now used for that part of steel 
or iron containing no carbide, or at least not more 
than a trace in solid solution. It covers, therefore, 
iron which mav or may not contain silicon, manganese, 
nickel, etc., which form solid solution or isomorphous 
crystallized mixtures with iron. Ferrite is the softest 
structural constituent. It is unmistakably recognized 
as the production of cuboidal etching figures after 
treatment with nitric acid or copper-ammonium 
chloride (1 : 12) solution. (G. Ferrit; Y. ferrite.) 

Fibrous. Thread-like. Composed of fibres or threads. 
Fractured surfaces of some metals may indicate a false 
fibrous structure. The fibrous fractured surface may 
be the result of tension, which draws out the crystal 
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graiiui into tiureads or fibres. {Qt.fasrig^ aehnig; F. 
fibr&ux.) 

Fissile (flisus^ from findere » to split). Can be split into 
laminas. (0. bUUtrig spdltbar ; F. di/vdbU,) 

Foliated {folium = a leaf). Composed of thin layers or 
piates. (G. hUttrig ; r. lamdlaire.) 

Fracture (Jrang$re a= to break). The broken surface of 
a metal or alloy. {Qt. Bruch ; F. eassure.y It may be 
conchoidal (j.v.) ; nbrous {q.v^ ; hackly (^.r^ ; rough 
(G. ravh; F. inigale) ; smoota (G. eben; F. uni^ ; 
splintery (G. spliUrig; F. ecaUletcse.} 

Freezing-point curve. A graphic representation of a 
set of cooling curves of a series of alloys of two or 
more substances when the temperature and composition 
are co-ordinates. See "equilibrium curves.' (G. 
Erstarrungspunktesiurve^ OefrierptmUskurve ; F. cotirbe 
dsfusibUUi?) 

Friable (Jriaire =s to rub to small pieces). Easily crumbled 
or powdered. (Qc.brochlig; Y. friable,) 

Gamma iron, or y-iron. An allotropic non-magn^ic 
condition of pure iron ezistiug at temperatures above 
850^ G. It crystallizes in the cubic system, and its 
crystalline forms are combinations of the cube and 
octahedron (more frequently the latter) derived from 
the cube. In passing from j3- to y-iron an evolution 
of heat occurs. (G. Cfamma-eisen ; F. fer gamma.) 

Glass-hardness. The greatest degree of hardness steel 
is capable of receiving on quenching from above Ari. 
(G. Olasharte ; F. dureU du verre.) 

Gliding plane. A definite direction in a crystal in which 
the molecules glide over one another. A distinction is 
drawn between "deformations occurring with twin 
formations " and " deformations by translation." If 
a change of form has occurred, due to twin formation, 
this can be traced by means of etching figures subse- 
quent to polishing the material. This cannot be done, 
however, in the case of a change of form by "slip." 
The change is then onlv noticeable if the deformation 
occurs subsequent to the polishing. It is rendered 
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apparent by dip-baads. These diBappear immediatelj 
on etching, ana no further trace is to be seen* The 
etching fignres are not altered in appearance £rom the 
former ones. (G. OUi^dche ; F. plan de eUvage.) 

Globulite (glolus » a globe^. In mineralogy, a mdi- 
mentarj cr^tal, spherical m shape ; in crystollography, 
the first visible nucleus of a growing crystal m a 
crystallizing solution. 

Grain {granum = a small particle). A grain may or may 
not be crystalline ; it may be rounded or Irregularly 
shaped ; separate or joined to other grains. The term 
is often used in reference to the fracture of steel — 
coarse grain, fine grain, etc. As aU such steels are 
crystallme, the term ** grain'* when applied to metals 
is often r^arded as a contraction for '* crystal grain '' 
or " crystalline grain." (G. Zbm ; F. ^ain.) 

Granular. Composed of grains or irregular crystalline 
particles, e.ff. sandstone, marble, granite, iron, and 
steel. (G. iomig ; F. grmu.) 

Granulitic. A term applied by Michel-L^vy to holo- 
crystalline rocks composed of juxtaposed grains, all 
ai)proximately the same size, ana independently 
oriented. Iron and steel and many other aUoys have 
these characters. (G. granuiitisch ; F. ffrantUitique.) 

Grinding (O.E.)* The process of preparing smooth 
surfaces by abrasion. (G. Schleifm ; F. adoneir.) 

Ground-mass. The matrix of a rock in which crystals 
are embedded. The mass which peponderates. (G. 
Orundmasse ; F. masse fondamentaU.) 

Hackly rO.E.). Bough. Having fine, short, sharp points 
on tne surface. Annealed steels have a hackly 
fracture. Coarse grained. (G. nackiji ; F. nache,) 

Hardening (O.E.). The process of heating steel to above 
Ari and suddenly quenching in water. (G. Hdrten ; 
F. trempe.) 

Hardenite. Martensite in the form of a eutectic solution. 
The term was first applied by Oharpy (1897) to 
martensite with 0*89 pw cent, of carbon. (G. HardenU ; 
F. hardenite.) 
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Hardness. Th6 reristanoe offered by a body to the 
separatkni of its particles. The haroneas of a mineral 
is messored b j the f oroe reqpiired to scratoh it with a 
rteel point or other sharp-pointed fragment of some 
harder mineraL The results obtained from one and 
the same mineral vary slightly with the crystalline face 
experimented upon, and even with the direction on 
one and the same face. (G. HdtU ; F. dureti.) 

Belative hardness may be expressed by reference to 
(i.) Mohs* scale : 

1.— Talc 

2.— Bocksalt 
8.— Oaldte. 
4. — ^Fluorspar. 
5. — Apatite. 
6. — Orthoclase. 
7. — Quarts. 
8.— Topai. 
9. — Coniiidiuii. 
10. — ^Diamond. 

rii.) Behrens nses sharply pointed needles of different 
degrees of hardness to determine the relatiye hardness. 
The mat^ials employed have the following yaloes on 
Mohs' scale : — 

1*0.— Lead. 

1-7.— Tin. 

2-0.— Tin with iron. 

l'5-2-2.-.Hard lead. 

2-5.— Zinc. 

8*0. — Copper. 

8*1. — BrasB wire. 

8*8. — Gnn metal. 

8*5. — Bronze with 12 per cent. tin. 

3'7. — Bronze with 18 per cent tin. 

8-7-8*9.— Iron wire. 

5*0-5*5. — Sewing needles. 

4'0. — Needles tempered yellow. 

5*0. — ^Needles tempered bine. 

6*0.— Drill steel tempered yellow. 

6*2-6*5.— Chrome steel. 

7*0-7'8.— Ferro chroma 

(iii.) Brinell^s method is described in Jown. Iron and 
Sted Inst, 69. L 269, 1901, See " Natural hardness," 
" glass hardness," '^ tempered hardness." 
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Heating curve. A graphic representation of the thermal 
changes which occur when solid substances are heated. 
Time and temperature are the co-ordinates. See 
*• Cooling curve/' " Equilibrium curve." (G. ErkUxungS" 
kwrve; F. courbe cTicnauffement.) 

Heat-tinting. The process of heating polished surfaces 
of metals and alloys in air or other gas until the 
constituents become differently coloured. (O. Anlassm ; 
F. oxydatimpar chauffage.) 

Heat-tints. The tints produced by heat-tinting. (0. 
Anlauffarlm ; F. colorations de recuit.) 

Holocrystalline (J\o5 = whole). Composed wholly of 
crystalline material, having no interstitial matter. 
Pore iron, copper, solid alloys, etc., are holocrystalline. 
(Q. voUkn/stalUn ; F. holocristallm.) 

Honeycombed. Unsound from blowholes in castings, 
alloys, etc. (0. blasig^ Kenmwahig^ wdbig ; F. vmteux.) 

Hot-short. The brittleness of steel when worked hot. 

Hypereutectic steel (yir€p = over, above). Steel con- 
taining more than the eutectic proportion 0*9 per cent, 
of carbon. 

Hypoeutectic steel (Ard = under, beneath). Steel 
containing less than the eutectic proportion 0*9 per 
cent, of carbon. 

Hysteresis (vWcpctv = to lag behind). The persistency 
with which certain bodies tend to retain a previous 
condition. Betardation of magnetization (magnetic 
hysteresis). Ewing also uses the word in the more 
general sense of a dissipation of energy occurring in 
any cycle of operations. (G. Hysteresis ; F. hysteresis.) 

Idiomorphic ^!8io9 ^ peculiar ; iJuop^yq = form). Crystals 
which have developed their external form freely. (G. 
idiomorph ; F. idiomorphe,) 

Imbricated (imiricare = to cover with tiles). Overlap- 
ping like the slates of a roof. Such structures are 
often developed on the surfaces of polished metals and 
alloys by etcning. (G« dacheiegelaTtig ; F. imbriqui,) 

Inclusions (incliidere = to shut in). Many metals contain 
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iadoioiii of ni ftnd mftchMiicaHy smp^ided foreign 
matter. (O, JHrmMiZtM ; F. iKuiumM^ 

Intercrystalline {imUr = betwera). Between erystals. 
Applied to eotectic and other sabBtanceB in certain 
aUoys snrronnding the crystalline grains. The tenn is 
often syncmTmoDS with '' intergrannlar.'' (Q. ewitchm 
KryttaUm Uegmd odtr verlaufMd; F. intermstallin.) 

Intergranular (inter = between). Brtween grains. (G. 
zwisehen Kornem lisgmd odir verlattfimd; F. ifUercel' 
lulaire.) 

Interpenetration. The infiltration of more infusible 
matter between djirialline faces. It is jNTobable that 
the harmful effects of segregation are due to the 
natnral strength between crystalline faces being 
destroyed by we interpen^ration of wei^ and brittle 
snbrtances sndi as iron sulphide and iron phosphide. 
(G. Durchdringung ; F. pinitration.) 

Intracrystalline (intra » within). WiUiin or inside the 
ci!yBtals. 

Isomeric (Zeros =: equal ; ucros = part). Formerly applied 
to all bodies of equal molecular weight, bat now the 
term is restricted to bodies which not only possess 
identical molecular weights, but are also of similar 
chemical type and possess different physical and 
chemical properties. (0. isomerisch ; F. isomMque.) 

Isomorphous (!<ros = equal, i*Jopfl^ - form). A term 
applied to crystals similar in form. It is also applied 
to substances which crystallize together to form a 
homogeneous whole, even though the two constituents 
do not crystallize in the same form. See ^'Miz^ 
crystals." (G. isomorph ; F. isomorphe.) 

Isomorphous mixture. Bodies which crystallize to- 
gether to form a homogeneous whole. 

Jog (O.E.)* A term used by Howe to express the sudden 
limited extensions which certain metals und^o at 
different tenacities. The term was derived from the 
peculiar shape of the curve obtained when the metal is 
subjec^ied to tension. Under proper conditions, iron 
and steel of certain classes, if they have previously 
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been neither worked cold, nor hardened by qnenching, 
give string diagrams with a well-marked Imd where 
serious permanent set first oocnrs. This bend, of 
whioh the shape varies mach, is called the *' jog." 

Jobless. Befers to ironior metals whose stress-strain diagram 
has not this pecoliar inflexion. The term '^ smooth " 
might be misunderstood. 

Joint (O.E.). The planes of junction of crystalline grains. 
(G. Fy^ge^ Komgrmz$ ; F. /wn/.) 

Lamella (Umina = a plate). A thin plate ; B.g. plates of 
graphite in grey pig iron, and of cementite in pearlite. 
(G. FUUtchen, BUUehm; P. lamelU.) 

Lamellar (lamina == i plate). Divisible into thin plates. 
(G. Udttrig ; F. lamellaireJ) 

Lamina. A thin leaf-like plate. (G. Bldttchm ; F. lame.) 

Lanceolate (lanceola = a little lance). Lance-shaped ; 
tapering gradually. (G. hmzettlich ; F. landolL) 

Lap (O.E.). A portion of iron or steel folded over on 
itself; the walls are oxodized and cannot unite. A 
lap is caused by careless hanmiering, or by badly por- 
portioned grooves in rolls, or by careless rolling, or 
projections on the ingots. (G. Fah ; F. crique.) 

Lattice structure. A structure developed on etching 
Hadfield's manganese steel and certain other metals. 
(G. gUterformig Structw^ Netzwerk; F. treillis.) 

Lenticular (lens = a lentil). Shaped like a lens. (G. 
linsmfdrmiff ; F. Imtietdaire.) 

Liquation (liqiu$re = to melt). The flowing out from 
partially solid metals or alloys of a portion of the still 
fluid mass. (G. Saigerung; F. liqmtim.) 

Lustre (lustrare = to purify). A term used in describing 
the character of the reflections obtained from the 
fractured surfaces of minerals and rocks. (G. Olam ; 
F. iclat.) There ure several kinds : adamantine (G. 
Diamant- ; F, adamantin) ; greasy (G. Fett^ ; F. gras) \ 
metallic (G. MetaUr- ; F. metallique) ; pearly (G. Perl- 
mutter- ; F. nacri) ; resinous (G. Earz^ ; P. rmneuix)\ 
silky (G. Seiden- ; P. sogeux) ; vitreous (G. OlaS' ; P. 
vitreux) ; waxy ( WachB- ; P. dreux). 
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Macles {maevla » a spot). SynonymotiB with twin ciys- 
tals. (G. ZunUinffe ; F. mades^ 

Macroscopic (juLKp&i ^ large). A term used in contia- 
diBtinotion to microeoopic, to impl j that the character 
in qneBtion is yisible to the naked eye. (G. makrth 
skopisch; T. nuxcroseopique.) 

Margarite (juipyaplrrji s a pearl\ Yogebang's name {Die 
KrystaBitenj Bonn, 19, 1875) for the linear arrange- 
ment, like strings of beads, assumed by crystallites. 

Martensite fin honour of A. Martens). A constituent of 
steel proauced when small samples are quenched in 
cold water. The structure characteristic of poUshed 
and ^hed hardened steels. It has the appearance of 
interlacing rectilinear fibres frequently arranged so as 
form triangles. The structure is very fine in 1 per 
cent, carbon steel, and coarse in 0*45 per cent, carbon 
steel. Some regard martensite as a solid solution of 
carbon in iron ; Jilptner considers it to be a solid 
solution of iron carbide in iron ; Gaim>bell gives it the 
composition CJPe^. (G. Martmsit; F. martensite.) 

Massive. A term used in contradistinction to "strati- 
fied." The term has been used for free cementite as 
distinct from that in |)earlite. The term does not 
imply that the material is homogeneous. (G. massiv ; 
P. massif.) 

Matrix {mater = mother). This term embraces " mother 
substance '* and eutectic. (G. Orundmasse ; F. magma.) 

Megascopic (fi^as s great). See " Macroscopic.'^ 
Metallography (metallum = a metal). A description 
of the structure of metals and their alloys. The science 
which deals with the composition, constitution, struc* 
ture, and physical properties of imetals and sJloys, 
but does not include the art of metallurgy. That 
branch dealing with iron and its alloys has been called 
" siderology." (G, Metallographie ; F. mitallographie.) 

Metallurgy. The art of working metals comprising the 
whole process of extracting them from their ores, 
smelting, refining, etc. (G. Hiitenkunde; F. mttal- 
lurgie.) 

Melting-point curve. Identical with the freezing-point 
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cunre, gx. (G. SehmelzptinktskurvB ; P. courte des 
points de fusion.) 

Mixed crystals. A tenn used for two or more Bub- 
stonoeB which erysiftUize ti^eiher as a homogeneous 
whole. The homogeneous solution of two or more 
cr]^llized bodies while in a solid state. From tiie 
point of view of the phase role these form a single 
phase. (G. MischhrysmU ; F. eristaux miUs,) 

Mother liquid. During the process of congelation of 
any system consisting of several substances in a state 
of solution, a portion of the solution remains in a 
fluid state after the separating out of solid crystals; 
this liquor is termed *^ mother liquor,*' or ** mother 
liquid.'' In systems consisting of two constituents 
with a eutectic point, the composition of this liquid 
approximates as congelation proceeds to that of the 
eutectic mixture, and quite attains to this composition 
before the whole mass passes into the solid state. (G. 
Mutterlange ; F. UqueuT'Vnire.) 

Natural hardness. The original degree of hardness 
possessed by steel before quenching above Arj. (G. 
Naturharte ; F. durM natwrelle.) 

Needle. See « Acicular.** (G. Nadel ; F. aiguUU.) 

Non-eutectic cementite. That part of cementite in 
iron and steel which is external to the pearlite in high 
carbon steel. 

Orientation {prire - to rise). The relative direction of 
the axes of crystals or of the axes of elasticity in two 
or more crystals, or the relative position of these axes 
with r^rd to a certain surface or line ; for instance, 
the polished surface or a cleavage plane, etc. (G. 
Orimtirung ; F. orimtation^ 

Osmotic pressure (c^tfctv = to push). When two liquids 
are separated by the intervention of a porous dia- 
phragm, a flow of liquid takes place from one side 
to the other, or sometimes an unequal flow of the 
two liquids in opposite directions. This ph^omenon 
is termed ''osmose,** and the pressure exerted by a 
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duMdyed rabsianoe in its Bolation ib termed its osmetic 
prearare. (G. ovrntmhtT Drvch ; F. prenion osm&Uqm,) 

Pearlite. A term applied by Howe for the ** pearly 
oonstitaent " of steel disoovered by Sorby. It consistB 
of alternating plates of oementite and f errite, or sorbite, 
or grains of oementite embedded in ferrite or sorbite. 
Jiiptner considers the oementite of pearlite consists 
chiefly of the carbide O4FU, bnt that sorbite possibly 
contams GtFe». This view is in harmony with E. D. 
Campbell's data. (0. PerlU; F. perlite.) 

Pearly constituent. Sorby's original term for what is 
now called pearlite. Named owing to its peculiar 
mother-of-pearl like colours. 

Phase. A phase is defined to be a mass chemically or 
physically homogeneons, or as a mass of uniform con- 
centration. {Q[. Phase; Y, phase.) 

Phase rule. A rule for finding the number of phases 
which can exist in a system containing a certain 
number of components, and having a certoin number 
of degrees of freedom. It connects together the 
nnmb^ of components degrees of freedom, and possible 
phases in equilibrium. The phase rule states that in a 
system of n components there can exist in equilil»ium 
n + 2 phases if the system be nonvariant, n -H 1 if it 
beunivariant,nif itbedivariant,6tc. (Q. PJuiaenregel ; 
F. lei des phasee.) 

Pipe (A.S.). A cavity formed in the central upper part 
oi an mgoL (G. Lunlcer^ Schmndungshohlraum ; F. 
retassvre^ 

Polish attack. When an aUoy contains two or more 
constituents of different d^ees of hardness, bv long- 
continued friction on a soft polishing surface, they are 
worn away in different degrees, the hardest constituent 
being least acted upon, the softest most The surfaces 
have all the appearance of having been etched. (0. 
Rdiefpolieren ; F. poUssage en bas^elitf,) 

Polish etching. The process of acting upon polished 
surfaces of metals by friction on pardunent moistened 
with a sol. of ammonium nitiatey so as to reveal 
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the straotnre. Sorbite, trooBtite, and martensite 
are coloured; ferrite and cementite remain white. 
(G. Aet^olieren ; F. polissage attaque.) 

Polishing (jpolire = to polish). The process of preparing 
perfectly bright and smooth surfaces free from even 
microscopic scratches. (Gt. Polieren ; F. polissage.^ 

Polyhedral (ir6kv€hpo% = many sides). Applied to crystal 
grains having two or more different shapes. 

Polymorphism (iroXvs = many ; fto/x^i; = form). The 
property possessed by some substances of assuming two 
or more forms of molecular structure. (G. Polymor- 
phismm; Y.polymorphisme,) 

Prismatic (wpCa-fia = prism). Refers to crystals which 
^ occur in columnar forms giving lath-shaped sections. 

(Q. pristnatischy sdulmfdrmig ; r* prismatique.) 

Pseudomorphous (^cvSi/s = false ; (mp^tj — form). A 
false form, applied to minerals possessing a crystalline 
form other than their own, which they have obtained 
by displacement or alteration of the original mineral. 
Oismond has recently used the term for crystalline 
grains in iron, where their forms are determined by 
mutual interference. (G. pseudomorph ; F. psmdo- 
morphe.) 

Radiating {radiate = to emit rays). When the fibres are 
arranged around a central point like the spokes round 
a wheel. 

Recalescence (re = anew ; color = heat). The phenome- 
non of evohition of '^internal" heat, whicn occurs 
when iron and steel cool through critical zones. (G. 
RecaUscem ; F. recalescence.) 

Red-short. Steel which is brittle on working at a red 
heat. (Q. Bothbrilchig ; V. cassant i^ chatui.) 

Reticulated (retictdum = a little net). The appearance 
of network traversed by two sets of parallel lines. 
(G. netzformig, netzartiff; F. r&iculS.) 

Rotation effect. An expression used by Heycock and 
Neville to describe the lighting up and darkening of 
the crystalline grains in the etdied surface of polished 
metal, when rotated before oblique rows of light. 

K 
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Ewing and Bosenhain nae the term *' selectiTe effect of 
oblique light'' 

Scaly. In plates which overlap one another like the 
scales of a fish. (G. schtqfpig ; F. scatUeux.) 

Schillerization {SchiUer = play of coIoutb-— Qer.). Refers 
to the peculiar bronze-like lustre, ^' schiller/' in certain 
minerals^ due to the presence of minute inclusions in 
parallel positions. 

Schlerometer (o-icXi;p^ = hard). An instrument for the 
determination of the relative hardness of bodies. (G. 
SkUromeUr ; F. scUrometre.) 

Scoriaceous (o-icaip ss dung). Having the appearance of 
scorise. Term used to describe unknown *' mclusions '' 
in metals and alloys. (G. scMackmartig^ scMackig ; 
F. scoriacS.) 

Scoriae. Oinder or slag from metallurgical processes. 
(G. scMackenarfiger Korper ; F. icmes^ 

Seam (O.E.). A seam is an effect caused by a blowhole, 
which working has brought out to the surface, and not 
eliminated. It usually, or always, runs in the direction 
of working. Seams are distinguished from laps by not 
being continuous; they are usually only an inch or 
two m length. (G. Naht; F. cotUure.) 

Segregation (segregare = to separate). A term applied 
to the more fusible parts of alloys which are last to 
freeze, and are driven into certain local centres by the 
part which freezes first. S^r^ations are generally 
found near the centre of a casting, and are more pro- 
nounced in lar^ masses. (G. Awscheidung^ Saigerwig ; 
F. sigrigaUonT) 

Short. See " Cold-short," " Hot-short," and " Red-short.'' 

Siderology ((rC&tjp<K sr iron\ The branch of m^allography 
which treats of iron and its alloys. 

Skeleton crystals (o-KcXerojssa dried body). The 
incipient forms of crystallization in whiah some metals 
or fmoys a^ear when cast. (G. KrystalUkeUtU^ gestrickte 
Formen ; F. rSseau du eristal.) 

Slag inclusions. Particles of slag enclosed in a metal. 
(G. SchtackeneinscMUsBB ; F. scorieB mfarmies.) 
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Slip-bands. Microscopic appearance in the smooth sur- 
faces of metals after straimng caused by slips along the 
cleavage or gliding planes of the crystaJline grains. 

Solid solutions. Yan't Hoff^s term for a homogeneous 
mixture of two or more substances in the solid state. 
The mixture may be crystalline or non-crystalline. 
The former may be «* isomorphous mixtures," or 
« mixed crystals," (G. fesU LoBungm ; F. solutions 
solides,) 

Solidified solution. See ''Congealed solutions." (G. 
errstarrte Lbsung ; F. solution eongSUe,) 

Solution plane. Yon Ebner's term (1814) for the plane 
of a crystal surface, which is most easily attacked 
when submitted to chemical action. (G. Msungfldche ; 
F. direction de solution.) 

Sorbite. An alleged constituent of steel named in honour 
of H. C. Sorby. It is obtamed by cooling sufficiently 
slowly to allow the transformation to proceed far 
enough and sufficiently rapid to produce out an im- 
perfect separation of ferrite and cementite. This is 
done by cooling small samples in air, and then towards 
the end of rec^escence, in cold water, or molten lead ; 
or reheating martensite (tempering) to a blue colour. 
It is an intermediate form between martensite and 
pearlite. It gives a brown colour by the polish attack, 
or by iodine or dilute acids. Jiiptner believes sorbite 
to be a solution of FcoCt in iron. (G. Sorbite F.. 
sorbite.) 

Spherulitic structure {sphoerula = a little sphere). 
Peculiar to vitreous rocks, and eutectics of rapidly 
cooled alloys. So called because of the presenpe of 
small spheroidal bodies — spherulites. The latter, under 
the microscope, seem to have a divergent fibrous struc- 
ture. This structure is common with rapidly cooled 
eutectics: lead-tin, antimony-lead, gold-lead. (G. 
spMrolithische StrMur ; F. sirvdu/re globidaire.) 

State of aggregation. A term frequently used bv 
chemists when referring to the different forms in which 
matter may exist — solid, liquid, or gas. 

SttllateXsteUa » a star)^ Radiating from a centre as in 
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some copper-tin alloYS rich in tin, in which the com- 

S)nnd OnSn cryBtaliueB in stellate or starlike forms. 
. Stmiformig; P. m 6MU.) 

Superficial tension. The surface of a liquid has a 
greater tension than any part of the interior. The 
surface seems as if it were covered bj a stretched 
elartic film. The surface tension is greater, the greater 
the cohesion of the liquid. (0. Olwrfldchmspannunff ; 
F. tension svperfidelU,) 

Surface tension. See '^ Superficial tension." 

Suffusion {sur = bejond). A transitory liquid state at 
temperatures below the normal freezing-point. (Qt. 
Uberwhfnelztmg ; F. sitrfmion,) 

Temper (O.B.). Term used by steel-maker. Refers to 
quantity of carbon present, but more generally to the 
colour to which haroened steel has been annealed. It 
is the steel-maker's measure of initial hardness ; the 
steel-user's yfnol hardness. (G. Kohlungsgrad ; F. di^S 
de recuU). The temper may be : low temper (G. 
weich) ; medium or high temper (G. mittdhart^ hari) ; 
straw-yellow (G. strohgeibj F. jaune paille); brown 
(Qt. braun^ F. brun) ; violet (G. violett, F. violet) ; blue 
fG. blauy F. bleu); low temper steel (G. weiches 
Flusseieen) ; medium temper steel (G. mittelhartes Flm- 
seisen) ; high temper steel (G. Jiarter Stahl Flmseisen). 

Tempering colours. Colours which am)ear on iron or 
steel surfaces when heated in air. (G. Anlauffarben^ 
Anlaesfarben ; F. covAewrs de rectUt.) 

Tenacity (tenere = to hold). The resistance to rupture 
presented by a substance whose elastic limit has been 
exceeded. (G. Lujfestigkeit ; F. iSnacitS.) 

Troostite. An alleged constituent of steel named in 
honour of L. Troost, a IVench chemist. It is obtained 
by quenching steel at certain temperatures. Like 
sorbite, it is supposed to be an intermediate form 
between martensite and pearlite. The transitional 
stages being : martensite -> troostite -> sorbite -> 
pearlite. It is softer than martensite, and more easily 
attacked by acids. It gives a brown colour when 



APPENDIX 133 

treated by the polish attack. It is coloured durk by 
a solution of 1 c.c. of hydrochloric acid in 100 c.c. of 
alcohol, while martensite is not alFected. It is con- 
sidered, by some, to be a solution of Fe^Cs in iron. 
(G. Troostit; F. troostite.) 
Twinned (O.E.). A crystal is twmned when two por- 
tions of the same individual, or two different individuals 
are related to one another according to a defimte law. 
(G. verzunUingty zwiUingsibildung ; P. hSmitrapef macU.) 

Vesicular (vesictUa = a little blister). Containing small 
holes. (Qt. mit Blasehm besetzt ; F. visietdaireT) 

Widmanstaten figures. Certain patterns which appear 
on etched surfaces of meteoritic iron. Named f^ter 
A. B. Widmanstatten. J. 0^ Arnold and A. McWilliam, 
Nature, 71. 82, 1904. 
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